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Summary  of  Final  Report 


The  objectives  of  this  research  project  were: 

—  To  study  experimentally  and  theoretically  the  mechanism  and  kinetics 
of  deposition  and  penetration  of  ceramic  particles  into  porous 
substrates  by  electrophoresis. 

—  To  study  formation  of  ceramic  oxide  coatings  from  ionic  solutions  by 
electroreduction. 

—  To  apply  the  results  in  order  to  develop  a  method  for  coating  and 
impregnation  of  graphite  and  carbon— carbon  composites  with 
oxidation  resistant  materials. 

The  approach  adopted  in  order  to  achieve  these  objects  was  based  on: 

—  Application  of  an  electric  field  for  deposition  and  penetration  of 
ceramic  oxides  from  ionic  aqueous  solutions  by  electroreduction. 

—  Solve  Fokker-Planck  probability  functions  to  predict  theoretically 
particle  penetration  into  pores  as  a  function  of  physical  parameters. 
Electrophoretic  deposition  is  obtained  by  the  movement  of  electrically 

charged  ceramic  particles  suspended  in  a  fluid  under  the  influence  of  a 
relatively  high  electric  fidd.  The  charging  of  the  partides  takes  place  by  the 
absorption  of  ions  from  the  medium  or  by  dissodation  of  the  partide  itself. 
The  mobility  of  the  partides  in  an  unbounded  medium  is  a  function  of  the 
fidd  strength,  the  didectric  constant  and  viscosity  of  the  fluid  and  of  the 
zeta  potential  and  radius  of  the  partide. 

The  phenomenon  of  electrophoresis  can  be  utilized  also  for  the 
induction  of  ceramic  particles  into  the  pores  of  a  porous  substrate.  The 
partide  penetration  is  facilitated  by  the  electrophoretic  force  exerted  on  it 
and  the  dectroosmotic  flow  of  the  fluid  into  the  pores. 
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The  electrolytic  deposition  of  ceramic  oxides  from  aqueous  ionic 
solutions  is  based  on  the  generation  of  hydroxyl  ions  (OH-)  by  cathodic 
reduction  of  ions  such  as  NOj  and  the  subsequent  interaction  between  OH- 
and  appropriate  cations,  such  as  Al1*,  ZrO**  to  form  insoluble  hydroxides  of 
Al(OH)j,  or  Zr  (OH)*  for  example.  Decomposition  of  the  hydroxide  upon 
thermal  treatment  renders  the  oxides.  Co-deposition  of  two  or  more  oxides 
is  possible  provided  the  different  appropriate  cations  are  present  in  the 
electrolyte. 

The  research  program  consisted  of  the  following  stages. 

1.  Investigation  of  the  possibility  to  charge  and  deposit 
electrophoretically  various  oxide  and  non-oxide  ceramics  which  have 
the  potential  to  protect  carbon  materials. 

2.  Testing  of  the  concept  that  ceramic  particles  can  be  induced  into  the 
pores  of  a  porous  substrate  due  to  the  effect  of  the  electric  field. 

3.  Investigation  of  the  possibility  to  deposit  ceramic  coatings  on  graphite 
and  C-C  from  aqueous  ionic  solutions  by  electrochemical  reactions. 

4.  Theoretical  analysis  of  the  penetration  of  a  single  ceramic  particle 
under  the  effect  of  an  electric  potential  gradient  into  an  open  pore  in 
order  to: 

—  gain  an  insight  on  the  mechanisms  governing  the  penetration; 

—  derive  the  non-dimensional  parameters  that  characterize  the 
motion  of  the  ceramic  particle; 

—  predict  the  penetration  depth  of  the  particle. 

5.  Study  the  effect  of  electrophoretic  deposition  and  fluid  parameters  on 
the  quantitative  penetration  of  ceramic  particles  into  the  porous 
substrate. 
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6.  Study  of  electrochemical  and  microstructural  aspect!  of  the 
electrolytic  deposition  of  a  ceramic  oxide  (ZrOi)  from  an  ionic 
aqueous  electrolyte. 

7.  Study  of  electrophoretic  surface  deposition  and  penetration  of 
low-expansion  ceramic  materials  such  as  AljTiOi  and  HfTi04-  The 
interest  in  these  coating  materials  stems  from  their  anticipated 
compatibility  with  graphite  and  C— C  substrates  from  the  point  of 
view  of  thermal  expansion.  However,  the  anisotropidty  of  the 
expansion  of  these  materials  results  in  microcracking. 

8.  Study  of  multilayer  electrophoretic  deposition  of  ceramic  coatings.  It 
has  been  realized  that  the  complicated  problem  of  C— C  protection 
may  demand  application  of  more  than  one  coating.  Therefore  the 
sequential  deposition  of  a  protective  coating  on  a  low-expansion 
microcracked  underlayer  was  studied. 

9.  Study  of  the  co-deposition  of  two  oxides  by  the  electrolytic  method 
(AljOj  +  ZrOj).  The  effect  of  deposition  parameters  on  the  kinetics, 
morphology  and  composition  of  the  coatings  was  studied. 

10.  Theoretical  analysis  of  the  penetration  of  a  ceramic  particle  into  a 
closed  pore. 

11.  Single  and  multilayer  coating  of  graphite  and  C-C  specimens, 
sintering  of  coatings  and  study  of  oxidation  protection  afforded  in 
continuous  and  sequential  exposure  to  high-teinperature  oxidizing 
conditions. 

12.  Coating  of  shaped  objects  (exhaust  nozzles)  and  testing  of  their 
oxidation  and  wear  resistance. 
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C  -aeruneotal 

Deposition  and  impregnation  experiments  were  carried  out  on  two 

kinds  of  substrates: 

-  Porous  graphite  UCAR  Grade  45  with  a  48%  volume  porosity  and  60^ 
average  pore  size.  This  material  served  as  a  model  material  for  C— C 
and  has  the  benefit  of  more  accurate  characterization  and  therefore 
better  reproducibility  of  results  is  expected. 

—  A  2D  carbon-carbon  composite  received  from  the  Philips  Lab.  at 
Edwards  Base.  The  ceramic  powders  used  in  the  electrophoretic 
deposition  studies  were: 

—  A  submicron  colloidal  SiOj  —  Pyrogenic  Aerosol  with  a  specific 
area  of  450  mVg- 

—  SijN<  with  a  particle  size  in  the  range  of  0.2-0.7/r  supplied  by 
the  Israel  Ceramics  Institute.  This  powder  contains  a  sintering 
additions  of  6%  YjOj. 

-  SiC  with  a  particle  size  of  <  40  (i  supplied  by  the  Israel 
Ceramics  Institute. 

-  Fused  SiOj,  1 — 40#*  supplied  by  the  Israel  Ceramics  Institute. 

—  AJjTiOs  of  two  kinds  was  used.  One  was  supplied  and 

prepared  by  the  Israel  Ceramics  Institute  with  a  5%  BaCOj 
additive  and  an  average  particle  size  of  1.4/r.  The  second  kind 
was  supplied  by  the  Institute  fur  Gesteinhuttenkunde,  Aachen 
with  a  5%  additive  of  SiO 2- 

—  HfTi04  was  acquired  from  Cerac  Corp.  with  an  average 

particle  size  of  70  p. 

-  BN  Grade  B— 50,  H.  Starck,  Berlin 

Specimens  were  20x20x7  mm  and  16*9*7  mm.  They  were  ultrasonically 
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cleaned  in  ethanol  for  5  min  prior  to  coating.  After  deposition  the  specimens 
were  dried  in  air  for  5  min  and  then  at  200*  C  for  1/2—1  hr. 

Most  electrophoretic  deposition  experiments  were  carried  out  from 
suspensions  in  isoprapanol  and  water.  For  the  study  of  the  effect  of  solvent 
properties  on  penetration,  ethanol  and  pentanol  were  also  used.  The 
deposition  was  carried  out  at  constant  voltage  with  the  electric  field  intensity 
varying  between  5-300  v/cm.  Particle  concentrations  were  3—250  g/i  and 
deposition  times  varied  between  30  sec  -  120  min. 

The  amount  of  impregnated  material  was  determined  by  weight 
change  after  removal  of  the  external  deposit.  In  some  cases  this  was 
determined  by  weighing  the  residue  after  burn-off  of  the  graphite  at  900*  C 
for  20  hrs. 

The  composition  and  morphology  of  the  deposits  were  studied  in 
cross-sections  of  the  coated  specimens  in  a  Jeol— 840  SEM  equipped  with  an 
EDS  analysis  unit.  In  case  of  "green"  deposits  specimens  were  infiltrated 
with  an  epoxy  resin  (Epofix-Struers)  and  cured  for  10  hrs  prior  to  sectioning. 
Cross-sections  were  prepared  by  cutting  with  a  lathe  at  800  rpm.  In  some 
experiments  the  cross-sections  were  polished.  X— ray  diffraction  of  the 
coatings  was  carried  out  with  a  diffractometer  Philips  Model  RW— 1820,  40 
kv,  40  mA,  scanning  rate  0.45*  /min. 

Sintering  of  coatings  was  done  in  air,  nitrogen  or  argon,  for  15  min  — 
4  hrs  at  1100*  C  -  1650*  C. 

The  electrolytic  deposition  studies  included  deposition  of  ZrOs  from  a 
0.1M  ZrO  (NOjjj  aqueous  solution.  The  co— deposition  of  ZrC>2  +  AljOj  was 
carried  out  from  solutions  containing  both  ZrO  (NOs)2  and  Al(NOj)s  of 
varying  concentrations.  The  deposition  was  done  at  constant  current  with 
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c.d.’s  in  the  range  of  15—100  mA/cm3  and  durations  of  20  sec-60  min.  The 
deposits  were  heat  treated  at  400,  600  and  900*  C  for  1  hr  while  the 
co-deposits  were  treated  for  1  hr  at  1200*  C.  The  microstrnctore  was 
characterized  by  optical  and  scanning  electron  microscopy  and  the  phase 
content  was  determined  by  x-ray  diffract  ion. 

The  oxidation  experiments  were  carried  out  with  single  (AijTiOj, 
Si3N4)  as  well  as  with  multilayer  coatings  (AljTiOj  +  Si3N4,  SiOj  +  Si3N4, 
BN  +  Si3N4). 

The  coated  specimens  after  sintering  of  the  deposits  were  exposed  in 
an  oven  at  830*  C.  In  some  experiments  the  exposure  was  continuous  for  7 
hrs  while  in  others  sequential  1  hr  exposures  up  to  a  total  of  7  hrs  were 
repeated.  In  each  case  cooling  was  in  the  air.  Weight  losses  were  recorded 
and  metallographic  cross— sections  prepared  before  and  after  exposure  and 
studied  in  the  SEM. 

Results 

—  Electrophoretic  deposition  of  all  the  ceramic  materials  studied  so  far, 
both  on  graphite  and  C~C  was  obtained  following  the  charging  of  the 
particles  and  their  displacement  under  the  influence  of  the  electric  field. 
Some  particles  (e.g.,  Si03,  SiC)  acquired  negative  charges  in  isopropanol  and 
therefore  deposited  on  the  anode  while  others  (Si3N4,  Al3Ti05)  deposited  on 
the  cathode. 

—  In  addition  to  surface  deposition,  ‘he  induction  of  the  ceramic 
particles  into  the  pores  of  porous  graphite  was  demonstrated  qualitatively  for 
all  the  materials  and  was  studied  quantitatively  for  colloidal  SiOj.  The 
penetration  of  the  SiOj  into  the  substrate  was  demonstrated  by  x-ray 
mapping  of  Si  on  cross-sections  of  coated  specimens.  It  was  found  that  in 
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the  specimen  with  higher  SiOj  contents,  a  skeleton  of  SiOj  of  the  same  shape 
and  dimensions  as  the  original  specimen  remained  after  gasification  of  the 
graphite.  The  cross-section  of  this  skeleton  showed  that  the  whole 
cross-section  of  the  graphite  was  impregnated. 

—  The  existence  of  an  electroosmotic  effect  was  demonstrated  by  the 
enhancement  of  pore  filling  by  water  and  propanol  in  the  presence  of  the 
electric  field. 

The  theoretical  analysis  enables  to  predict  the  penetration  depth  of  a 
ceramic  particle  inside  the  porous  substrate  under  the  influence  of  the 
electric  potential  gradient.  It  also  enabled  to  derive  the  non-dimensional 
parameters  that  affect  the  particle  motion.  It  was  thus  deduced  that  the 
parameters  which  affect  most  the  particle  penetration  are  the  Peclet  number 
(Pe)  and  the  Damkohler  number  (A): 


where 

U'  -  electrophoretic  velocity 
U'  -  electroosmotic  velocity 
b  -  pore  mean  radius 
D  -  diffusion  coefficient 
k  -  local  deposition  rate 

Large  Peclet  numbers  and  small  Damkohler  numbers  enhance  penetration. 
Thus,  deep  penetration  (over  hundred  pore  diameters)  can  be  achieved  for 
very  low  deposition  rates  (A  <  0.1)  and  for  very  high  Peclet  numbers  (Pe  > 
100).  Deepest  penetration  is  obtained  for  A  =  0  which  can  be  achieved  if  a 
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repelling  force  between  particles  and  pore  walls  would  exist.  Electroosmosis 
increases  the  Peclet  number  and  thus  penetration.  The  diffusion  coefficient 
of  the  particle  has  a  dual  effect:  its  decrease  increases  the  Peclet  number,  but 
it  also  increases  the  deposition  rate.  The  theoretical  analysis  also  indicates 
how  the  penetration  can  be  controlled  by  selection  of  solvent  properties, 
particle  size  and  concentration  and  electric  field  strength. 

The  dispersion  around  the  mean  penetration  depth  is  large  for  small 
Damkohler  numbers  and  grows  almost  linearly  with  Peclet  numbers.  Thus, 
an  almost  even  spread  can  be  achieved  for  the  same  values  which  will  bring 
about  deep  penetration.  This  result  is  a  very  favorable  outcome  for 
electrophoretic  coating  methods. 

Comparison  with  the  result  we  obtained  for  the  open  pore  structure  of 
the  substrate  reveals  that  penetration  depths  for  closed  pores  is  smaller 
whereas  dispersion  in  the  latter  is  larger  provided  electroosmosis  exists. 

Experimental  studies  of  the  effect  of  solvent  and  deposition 
parameters  on  particles  carried  out  with  colloidal  Si02  showed  that  as 
predicted  theoretically,  an  increase  in  the  e/77  ratio  of  the  fluid  enhances 
penetration.  Thus,  it  was  found  that  the  amount  of  induced  Si02  was  10 
times  larger  for  water  (e/77  =  81)  than  for  pentanol  (e/77  =  4.2). 

It  was  found  that  the  electric  field  has  a  dual  effect  on  the  extent  of 
particle  penetration.  Due  to  increase  of  the  particle  velocity  and  Pedet 
number  with  field  strength,  penetration  is  enhanced  by  it.  However,  the  field 
also  enhances  the  buildup  of  an  external  deposit  on  the  substrate,  which 
blocks  penetration.  Therefore,  there  exists  an  optimal  field  strength,  its 
value  decreasing  with  increased  partide  concentration,  because  of  faster 
buildup  of  the  external  coating  at  higher  concentrations. 

Penetration  increases  with  particle  concentration  both  in  water  and 
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propanol.  At  low  field  strengths  (5  V/cm)  the  relationship  is  linear  for  the 
range  of  concentrations  studied. 

Penetration  increases  with  deposition  time,  but  reaches  a  plateau 
after  a  period  which  depends  on  solvent  concentration  and  field  strength. 
The  fact  that  the  plateau  is  reached  before  full  impregnation  of  the  pores  is 
probably  due  to  the  blockage  by  the  external  coating.  Thus,  the  extent  of 
penetration  could  be  increased  if  a  way  is  found  to  prevent  surface 
deposition. 

Impregnation  and  coating  with  low-expansion  ceramics  was  studied 
with  Al2Ti05  and  HlTiO*  particles.  In  contrast  to  SiOj  particles,  it  was 
found  that  both  AljTiOs  and  HfTi04  deposit  on  the  cathode  both  from  water 
and  propanol  suspensions.  The  positive  charge  on  the  particles  indicates  a 
high  isoelectric  point  since  the  pH  of  these  suspensions  was  determined  as  8.1 
in  water  and  6.2  in  propanol.  As  in  the  study  of  S'Oj  deposition,  it  was 
found  that  penetration  of  AljTiOs  into  the  porous  substrate  is  higher  in 
water  than  in  propanol.  However,  the  addition  of  ss  20%  propanol  to  the 
water  leads  to  a  maximal  penetration  probably  due  to  better  wetting  of  the 
graphite  as  demonstrated  in  simple  wetting  experiments.  About  6%  of 
substrate  weight  of  AljTiOs  were  induced  into  the  pores  at  100  V/cm,  30  g ft 
after  60  min.  The  surface  deposition,  however,  is  both  higher  and 
morphologically  better  in  propanol  due  to  a  lower  fraction  of  penetrated 
material  and  lower  Hj  formation  on  the  cathode. 

It  was  thus  concluded  that  for  optimal  coverage  and  penetration  a  two 
stage  process  would  be  employed:  impregnation  from  an  aqueous  solvent  with 
20%  propanol  for  relatively  long  duration  (60  min,  75—100  V/cm)  and 
coating  in  propanol  at  higher  field  (200  V/cm)  and  shorter  duration  (»  2 
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min.)  It  was  shown  that  impregnation  increases  with  field  intensity  and 
deposition  time. 

The  feasibility  of  subsequent  deposition  of  two  different  layers  of 
materials  with  zeta  potentials  of  the  same  polarity  was  shown  for  SijN*  on 
AljTiOs  (cathodic  deposits)  and  SiC  on  glass  ceramic  (anodic  deposits).  The 
deposition  is  carried  out  by  transferring  the  coated  substrate  from  the  first 
suspension  into  the  second  to  continue  the  deposition  of  the  second  material. 
Cross-sections  of  the  two  layers  were  prepared  after  impregnation. 
Elemental  analysis  and  Si  and  Ti  x-ray  images  were  performed  in  the  SEM 
and  the  existence  of  the  two  layers  shown.  However,  penetration  of  the 

and  SiC  into  the  first  layer  was  observed.  The  layer  thicknesses 
obtained  in  these  experiments  were  in  the  range  of  150-300  fi. 

The  sintering  and  oxidation  experiments  gave  the  following  results: 

HfTiO*  coatings  disintegrated  after  sintering  and  no  viable 
undercoating  was  obtained. 

Sintering  AbTiOs  coatings  at  1650*  C  in  Nj  resulted  in  adherent 
coatings  which,  however,  decomposed  partially  into  AI2O3  and  TiOj. 

S13N4  coatings  were  obtained  by  sintering  at  1650*  C  in  Nj.  Uniform 
and  adherent  coatings  were  obtained  with  extensive  anchoring  in  the  pores 
and  voids  of  the  substrate.  Interaction  with  the  substrate  took  place 
resulting  in  SiC  and  Si  formation. 

Sintering  of  SisN*  coatings  deposited  on  an  underlayer  of  AljTiOj 
resulted  in  dense  S13N4  layers  reaching  the  substrate  through  a  discontinuous 
layer  containing  Ti.  An  even  distribution  of  A1  was  seen  in  the  entire. cross- 
section. 

Adherent  coatings  of  SisN4  on  fused  S1O2  were  obtained  with 
anchoring  in  the  substrate.  Horizontal  and  vertical  microcracks  are  seen  in 
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the  coatings  after  sintering. 

Impregnation  of  BN  into  the  pores  prior  to  SijN*  coating  was 
attempted.  Since  both  B  and  N  are  not  visible  in  the  EDS-SEM  no  evidence 
of  penetration  was  seen  except  for  weight  gain  after  impregnation. 

Shaped  objects,  exhaust  nozzles  and  casting  crucibles,  were  coated 
with  SijNi  +  Al2TiOs  and  Si3N<  +  Si02.  Uniform  internal  and  external 
coatings  were  obtained  using  shaped  electrodes. 

Oxidation  experiments  were  carried  out  by  recording  the  weight  loss 
during  continuous  and  repeated  exposures  of  830*  C.  Best  results  with 
graphite  specimens  were  obtained  with  the  SUN*  +  AI2TiOs  system  where  in 
some  cases  nil  weight  loss  was  recorded  after  7  repeated  1— hr  exposures,  a 
regime  that  exposed  the  specimens  to  repeated  thermal  shock.  No  beneficial 
effect  of  an  underlayer  of  fused  Si02  or  BN  was  found  in  laboratory 
specimens  when  compared  with  SijN<  only.  However,  very  good  results  were 
obtained  with  an  underlayer  of  Si02  on  exhaust  graphite  nozzles  under 
Specific  testing  conditions. 

On  C— C  specimens  low  weight  losses  were  obtained  with  Si  3N4  and 
S13N4  on  AljTiOs  in  continuous  exposure  experiments.  In  most  repeated 
exposure  tests  high  weight  losses  were  recorded.  However,  in  some 
experiments  S^Ni  coatings  gave  low  weight  loss.  The  irreproducibility  of  the 
results  in  both  materials  and  in  particular  in  the  case  of  C-C  may  stem  from 
a  major  defect  in  the  coating  formed  on  the  location  of  the  holder  during 
deposition.  Although  repeated  depositions  were  made  this  problem  may  not 
have  been  solved  completely  and  should  be  elaborated  in  further 
experiments. 

The  electrolytic  route  of  obtaining  ceramic  oxide  coatings  on  graphite 
and  C-C  was  studied  for  deposits  of  Zr02  and  co-deposits  of  Zr02  and 
A1203. 
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ZrOj  coatings  were  deposited  from  an  aqueous  solution  of  ZrO(NOj)2. 
A  two-6tep  mechanism  is  suggested  for  the  ZrC>2  formation;  generation  of 
hydroxyl  ions  (OH”)  at  the  cathodic  substrate  by  reduction  of  NOj  and 
dissolved  Oj,  and  then  reaction  of  the  hydroxyl  ions  with  zirconyl  ions 
present  in  the  solution  to  form  the  hydroxide  Zr(OH)4,  which  in  turn 
decomposes  on  drying  to  yield  zirconia  (ZrCh).  Faradaic  efficiencies  of 
20-50%  were  found,  attributable  to  reduction  reactions  that  do  not  produce 
hydroxyl  ions,  as  well  as  to  formation  of  the  hydroxide  at  sites  removed  form 
the  cathodic  substrate  due  to  diffusion  of  the  hydroxyl  ions.  The  effects  of 
current  density,  time,  and  hydrodynamic  conditions  on  coating  weight,  cell 
voltage,  temperature,  and  pH  of  the  solution  were  studied. 

As  expected,  it  was  found  that  coating  weight  increases  with  c.d.  and 
time,  while  stirring  of  the  electrolyte  caused  a  significant  reduction  of 
deposition  rate,  probably  by  facilitating  migration  of  OH“  from  the  cathode 
into  the  bulk  of  the  solution  so  that  the  hydroxide  formed  does  not 
accumulate  on  the  cathode.  Cell  voltage  and  temperature  of  the  solution 
increased  with  increase  in  c.d.  and  time,  as  a  result  of  the  formation  of  the 
non— conductive  deposit  characterized  by  a  high  ohmic  resistance.  pH  of  the 
solution  as  measured  in  the  bulk  is  reduced  at  high  c.d.  due  to  the  generation 
of  H+  by  the  anodic  reaction  and  use  of  the  OH-  formed  at  the  cathode  in 
the  Zr(OH)4  formation. 

The  initial  coating  is  a  zirconium  hydroxide  gel  with  an  amorphous 
character.  Microcracks  develop  in  the  coating  during  drying  due  to  tensile 
stresses  associated  with  non-uniform  contraction.  Firing  of  the  coating  led 
to  its  crystallization  into  fine,  equiaxed  submicron  particles  of  monoclinic 
and  tetragonal  polymorphs  of  zirconia.  Calculation  of  crystallite  sizes  by 
reflection  broadening,  indicated  them  to  be  2  nm  after  treatment  at  400*  C 
and  12  nm  when  fired  at  600*  C  for  1  hour.  Under  these  conditions  the 
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polymorphs  were  undistinguishable.  Firing  for  1  hr  at  900*  C  resulted  in 
distinct  crystallites  of  both  phases,  20-25  nm  in  size.  The  volume  fractions 
were  15%  and  85%  for  the  tetragonal  and  monoclinic  phases  respectively. 

The  co-deposition  of  two  oxides  by  an  electrolytic  process  from 
aqueous  solutions  containing  salts  of  both  cations  Al(NOa)s  +  ZrO(NOj)j 
was  demonstrated  and  studied  for  AljOj  +  ZrOj  deposits.  Prior  to  that  the 
deposition  of  A12Oj  was  studied. 

During  deposition  of  AljOj  the  cell  voltage  rises  steeply  as  a  result  of 
the  build-up  of  the  hydroxide  with  a  high  ohmic  resistance.  At  a  certain 
stage  further  growth  of  the  deposit  is  enabled  by  local  breakdown  of  the  film 
creating  new  sites  of  reduction.  A  more  gradual  rise  in  cell  voltage  takes 
place  when  AljOj  and  ZrC>2  are  co-deposited  indicating  a  change  in  the 
dielectric  properties  of  the  co-deposit. 

The  as-deposited  coatings  are  amorphous  and  after  a  heat— treatment 
at  1200*  C  for  1  hr  became  crystalline  exhibiting  phases  of  oA^Oj  and 
tetragonal  ZrO}.  It  was  shown  that  the  atomic  ratio  of  Al/Zr  in  the  deposit 
can  be  varied  by  varying  this  ratio  in  the  solution.  The  Al(OH)j  is,  however, 
preferentially  deposited  probably  due  to  the  higher  diffusion  coefficient  of 
Al3*  as  compared  to  that  of  ZrCV*. 

Improved  coating  morphology  and  maximum  thickness  was  obtained 
by  applying  a  pulsed  current  for  deposition.  This  effect  can  be  explained  by 
the  creation  of  new  nucleation  sites  for  deposit  formation  during  current 
intermission  decreasing  thus  the  cluster  size. 

The  present  work  demonstrated  the  potentialities  of  the  electrolytic 
method  for  production  of  single  ceramic  oxide  deposits  as  well  as  co-deposits 
of  two  oxides.  Control  of  thickness  as  well  as  of  composition  can  be  achieved 
by  control  of  deposition  and  solution  parameters.  However,  further  studies  of 
the  drying  stage  are  necessary  in  order  to  achieve  sound  and  crack-free 
coatings. 
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SnmwmTv  and  Future  Work 

The  present  project  has  laid  the  experimental  and  theoretical 
foundations  for  a  technology  aimed  at  protecting  carbon-based  porous 
materials  horn  oxidation  at  elevated  temperatures.  This  is  achieved  by 
electrophoretic  impregnation  and  deposition  of  an  unlimited  variety  of 
ceramic  materials.  The  basic  advantages  of  this  technology  as  compared  with 
existing  ones  are: 

—  The  possibility  to  deposit  any  type  of  ceramic  material  including 
materials  that  cannot  be  deposited  by  other  coating  techniques  such 
asCVD. 

—  The  possibility  to  induce  the  ceramic  material  into  pores  and  cracks  of 
the  substrate  to  improve  adhesion  of  coating  and  overall  protection. 

—  High  coating  rate 

—  The  possibility  to  c*.  d  complex  shapes. 

—  Low  cost  of  equipment  and  operation. 

Two  specific  coating  systems  were  studied  in  specimens  and  demonstrated  on 
shaped  products  —  exhaust  nozzles  and  crucibles.  These  systems  are  coatings 
of  SijN*  on  A^TiOs  and  on  fused  SiC>2.  Also  coatings  of  SijN<  only  were 
studied  on  specimens.  The  coatings  were  sintered  and  their  oxidation 
protection  studied  at  one  set  of  conditions. 

The  feasibility  of  producing  single  and  multi-layer  coatings  and 
impregnation,  their  sintering  and  achieving  oxidation  protection  has  been 
proven. 
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However,  more  experimental  work  should  be  done  to  optimize  and 
finalize  this  technology.  This  work  should  include  the  following 
investigation: 

—  Testing  of  additional  single  and  multi-layer  coating  systems  for 
further  optimization  of  the  oxidation  protection. 

—  Optimization  of  coating  thicknesses. 

—  Study  of  geometrical  parameters  for  shaped  body  coating. 

—  Procedures  for  preventing  defects  in  coating  due  to  use  of  holder. 

—  Scale-up  of  process. 
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1.  Introduction 

This  report  covers  the  last  research  period  of  this  project  which 
concentrated  on  the  sintering  of  coatings  and  testing  of  the  oxidation 
resistance  of  the  coated  specimens.  Experiments  were  carried  out  on 
graphite  and  C-C  specimens  and  in  the  final  stage,  deposition  on  shaped 
objects  was  carried  out.  Those  were  graphite  exhaust  nozzles  and  crucibles. 


2.  Materials  and  Methods 

a)  Substrates 

Two  kinds  of  substrates  were  used,  a  porous  graphite  and  carbon-carbon 

composite: 

—  Porous  Graphite  UCAR  Grade  45.  Porosity  48%  and  an  average  pore 
size  of  CiOfi. 

—  2D  Carbon— Carbon  (received  from  the  Phillips  Lab.  at  Edwards  Base) 

b)  Ceramic  Materials 

—  A^TiOs  prepared  at  the  Israel  Ceramics  Institute  with  5%  BaCOj  added 
for  sintering  enhancement.  After  attrition  milling  the  average  particle 
size  was  1.4/a. 

—  AljTiOs  —  bioceramic  submicron  powder  with  5%  SiOj  from  Institut  fur 
Gesteinshuttenkunde,  Germany. 

—  LC12  was  acquired  from  Alfa  Corp.  and  prepared  at  the  Israel 
Ceramics  Institute  with  6%  Y2O3  added  for  sintering  enhancement.  The 
average  particle  size  was  <0.7  n- 

—  HfTiO*  was  acquired  from  Cerac  Corp.  and  had  originally  an  average 
size  of  70/x. 
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-  Fused  SiOj  (1— 40p)  supplied  by  the  Israel  Ceramics  Institute. 

-  BN  -  Grade  B-50,  Hermann  C.  Starck,  Berlin. 

c.  Specimens 

Specimen  dimensions  were  16  «  9  *  7mm. 

Nozzles:  #60mm,  height  —  60  mm. 

Crucibles:  #60  mm,  height  —  80  mm. 

d.  Deposition  parameters 

Electrophoresis  was  carried  out  from  suspensions  of  respective  particles 
in  aqueous  and  non— aqueous  solvents,  and  mixtures  of  the  two  solvents. 
Suspensions  were  prepared  by  wet  milling  for  3  hourB  in  a  ball  mill, 
sonicating  for  5  min.  Stirring  was  applied  during  deposition  and  penetration. 
Deposition  electric  field  was  -  5v/an  -  300v/cm. 

Particle  concentration  -  30  g //  -  100  g ft 
Solvents  —  isopropanol  and  water  after  deionizing 
Temperature  —  room 

Current  —  0.1  —  100  mA  (current  fell  during  experiments  due  to 
build-up  of  deposit) 

Deposition  time  — 15  sec  -  60  min 
Counter  electrodes  —  stainless  steel 
Distance  between  electrodes  -  15  mm 
Specimen  Preparation 

The  specimens  were  cleaned  ultrasonically  in  ethanol  for  4  min  prior 
to  coating  and  twice  for  4  min  after  sintering  of  coating. 

Smierinu 


Sintering  was  carried  out  at  temperatures  1400*  C  —  1650’ C  for 
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45  min  —  4  hours  in  an  Ar  or  Nj  atmosphere.  Cooling  was  in  the 
furnace.  The  specimens  were  immersed  in  a  powder  of  SijN4  during  the 
sintering.  Prior  to  sintering  the  deposits  were  dried  at  200'  C  for  20  min. 
Testing  of  Devosits 

For  quantitative  determination  of  the  deposited  material,  specimens 
were  weighed  before  deposition,  after  deposition  and  after  sintering  of 
the  deposit.  The  amount  of  impregnated  material  was  determined  by 
weight  change  after  removal  of  the  external  deposit.  The  oxidation 
experiments  were  carried  out  with  SijN4  as  well  as  with  multi— layer 
coatings  (Al2Ti05  +  SisN4,  BN  +  SisN4  Si02  +  SisN4).  The  coated 
specimens,  after  sintering  of  the  deposit,  were  exposed  in  a  furnace  at 
830*  C.  In  some  experiments  the  exposure  was  continuous  for  7  hours 
while  in  others  sequential  1  hr  exposures  up  to  a  total  of  7  hrs  were 
repeated.  In  each  case  cooling  was  in  the  air.  Weight  losses  were 
recorded  and  metallographic  cross-sections  prepared  before  and  after 
exposure. 

o.he  morphology  and  composition  of  deposit  were  studied  by  optical 
and  electron  microscopy  with  a  JEOL  840  SEM  and  the  phase  content 
was  determined  by  X— ray  diffraction.  For  study  of  cross-sections,  the 
coated  specimens  after  sintering  and  oxidation  were  covered  with  an 
Epofix  (Struers)  resin  and  cured  for  10  hrs  at  room  temperature.  Then 
the  cross-section  was  prepared  by  cutting  with  a  lathe  at  800  rpm.  The 
cross-sections  of  some  specimens  were  polished. 


The  first  steps  of  this  research  period  concentrated  on  the  deposition  of 
ceramic  materials  with  low  expansion  coefficients  —  HfTiO*  and  AljTiOs  (see 
Fig.  1).  This  property  is  important  to  minimize  crack  formation  daring 
sintering  and  use.  It  was  clear  that  an  additional  coating  will  have  to  be 
applied  later  since  both  materials  have  anisotropic  expansion  properties  and 
therefore  microcracking  will  take  place. 

The  deposition  conditions  were  defined  on  the  basis  of  the  previous  work. 

3.1  HfTiOi  Coatings 

The  HfTiO<  powder  was  deposited  on  the  cathode  at  the  following 
conditions: 

particle  cone.  -  30  g jt 
field  intensity  —  300  v/cm 
time  —  30  min 
fluid  —  propanol 

Following  deposition  the  coatings  were  dried  and  sintered.  In  order  to 
determine  the  sintering  conditions  a  dilatometric  test  was  performed  on  the 
HfTiO*  powder  (Fig.  2).  This  test  showed  a  strong  shrinkage  (18%)  in  the 
temperature  range  1000— 1550’ C.  A  body  was  prepared,  sintered  at  1550'  C 
for  3  hrs  and  tested.  The  density  was  found  to  be  5.6  gr/cm1,  open  porosity  - 
0.3%  and  water  absorption  —  0.05%.  An  X— ray  diffraction  test  showed  the 
characteristic  peaks  of  the  HfTiO<  with  a  small  concentration  of  other 
crystalline  phases.  In  view  of  the  above  results  it  was  decided  to  sinter  the 
HfTi04  coatings  at  1650*  C  for  1.5  hrs  in  N2  so  as  to  ensure  complete 
sintering.  However  in  all  experiments  the  HfTi04  coatings  disintegrated  and 
fell  off  the  substrate.  X-ray  diffraction  of  the  coated  surface  after  sintering 
did  not  show  any  evidence  of  HfTiC^,  Hf02  or  Ti02. 


Fig.  1:  Ceramic  thermal  expansion  characteristics 
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temperature  (°C) 


Fig.  2:  Dilatometric  curve  of  HfTiCU  body  (sintering) 


AljTiOj  was  deposited  both  on  graphite  and  C-C  specimens  (Fig.  3). 
The  cathodic  deposition  was  carried  out  in  two  stages  based  on  the  previous 
work.  The  first  stage  was  performed  so  as  to  secure  impregnation  of  the 
pores  and  the  second  for  surface  coating. 

First  stage: 

particle  concentration  -  30  g/l 
field  intensity  —  75  v/ cm 
deposition  time  —  60  min 
fluid  —  water  with  20%  propanol 
Second  stage: 

particle  concentration  —  30  g// 
field  intensity  - 100  v/cm 

deposition  time  —  15  sec  +  15  sec  (change  of  holder  position) 
fluid  —  propanol 

Fig.  4a  shows  a  coated  specimen  after  deposition  and  4b  shows  the 
cross-section  of  an  uncoated  and  coated  porous  graphite  specimen.  An  even 
external  coating  is  obtained  and  impregnation  of  the  cross-section  is  seen. 
Results  of  a  dilatometric  test  of  the  AljTiOs  powder  is  seen  in  Fig.  5. 
Shrinkage  of  the  specimen  which  indicate  sintering,  took  place  in  the 
temperature  range  of  1100  -  1400*  C  and  it  was  ~  18%. 

Coatings  were  sintered  at  first  at  1400*  C  for  3.5  hrs  in  Ar.  However, 
they  did  not  adhere  to  the  surface,  their  color  was  nonuniform  and  X-ray 
diffraction  indicated  partial  decomposition  into  AljOj  and  TiOa-  Sintering 
at  1650*  C  for  1.5  hr  in  N2  resulted  in  an  adherent  coating  with  dark  and 
light  gray  areas.  X-ray  diffraction  patterns  of  the  light  and  dark  areas  are 
given  in  Figs.  6  and  7  respectively.  Partial  decomposition  is  seen  in  both 


a)  coated  specimen 


b)  Cross-sections  of  uncoated  (left)  and  coated  specimen 


Fig.  4:  Al2Ti05  coating  on  graphite  before  sintering 
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cases  with  stronger  decomposition  in  the  dark  areas  where  in  addition  to 
TiOj  also  TiO  and  Ti305  appeared.  According  to  the  literature  Al3Ti06  is 
unstable  in  the  range  of  700-1300*  C.  But  additions  such  as  MgO  reduce 
significantly  the  degree  of  decomposition.  Attempts  to  deposit  AljTiOs  with 
5%  MgO  failed.  No  electrophoretic  deposition  took  place.  Therefore,  all 
experiments  were  carried  out  with  AljTiOs  +  5%  BaCOj  as  a  sintering 
additive.  In  the  last  stages  a  powder  with  5%  SiOj  was  obtained  from 
Germany  and  deposited. 

3.3  SitN<  Coatings 

The  coatings  were  obtained  on  the  cathode  at  the  following  conditions: 
particle  concentration  — 100  g \L 
field  intensity  —  100  v/cm  and  50  v/cm 
deposition  time  —  15—60  sec. 

Coatings  were  obtained  in  single  and  multi-layers  with  and  without  drying 
in  between  layers  (Fig.  8).  Initial  sintering  was  done  at  1600*  C  for  2.5  hrs  in 
N2.  The  coatings  did  not  adhere  to  the  substrate  (Fig.  9a).  Therefore 
sintering  temperature  was  raised  to  1650*  C  and  time  shortened  to  1.5  hrs. 
These  coatings  were  adherent  (Fig.  9b);  however,  their  color  varied  from 
dark  grey  to  green  and  black.  X— ray  diffraction  of  these  coatings  is  given  in 
Fig.  10.  In  addition  to  aSiC,  0SiC  and  Si  were  found.  These  results 

indicate  an  interaction  between  the  coating  and  substrate  to  form  SiC  and 
formation  of  Si. 

Cross-sections  through  a  graphite  specimen  coated  with  two  layers 
(50  v/cm,  15  +  15  sec)  of  Si3N<  after  sintering  are  seen  in  Fig.  11  and  at 
larger  magnifications  in  Fig.  1  2.  The  coating  is  relatively  uniform  and 
anchoring  in  the  pores  is  seen. 
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Fig.  6:  X-Ray  diffraction  of  Al2TiOs  coating  (in  light  gray  area)  sintered 
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Fig.  7:  X-Ray  diffraction  of  Al2Ti05  coating  as  in  Fig.  6,  but  in  dark  grey  area 
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b.  at  1650’  for  1,5  hr 


Fig.  9:  Si jN 4  Coating  on  C-C  after  sintering  at 
different  temperatures  and  time  in  N; 
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Fig.  xl:  Cross-sections  of  graphite  specimen  coated 
with  Si aN4  at  50  v/cm,  15  +  15  sec 
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Fig.  12:  Cross-sections  of  graphite  specimen, 
coating  conditions  as  in  Fig.  11 


A  specimen  coated  with  six  layers  {50  v/cm,  15  sec  each  coating)  after 
sintering  before  and  after  oxidation  for  seven  1— hr  repeated  exposures  at 
830*  C  is  seen  in  Fig.  13.  A  cross-section  through  the  specimen  after 
oxidation  and  Si  mapping  of  the  cross-section  are  seen  in  Fig.  14.  The 
coated  specimen  which  had  a  coating  of  a  total  thickness  of  80 n  lost  6.1%  of 
its  weight  during  the  oxidation. 

The  cross-section  of  a  C— C  specimen  coated  with  Si»N«  at  50  v/cm  by 
two  layers  (15  sec  each)  after  exposure  at  830*  C  for  seven  1  hr  exposures  is 
seen  in  Fig.  15.  This  specimen  lost  7.5%  during  the  exposure.  A  dense 
coating  which  penetrated  into  cracks  and  voids  of  the  substrate  is  seen. 
Another  C~C  specimen  coated  and  sintered  is  seen  in  Fig.  16.  A  longitudinal 
crack  in  the  coating  is  seen. 

In  some  cases  catastrophic  oxidation  of  the  coated  specimen  took  place 
and  caused  weight  loss  up  to  38%  within  7  *  1  hr  exposures  at  830*  C.  This 
was  caused  by  flaws  in  the  coating  such  as  cracks  (Fig.  17e)  and 
discontinuity  (Fig.  17  b  and  c).  This  specimen  had  6  layers  15  sec.  each. 
Thus  the  increase  in  number  of  layers  and  overall  thickness  was  not 
beneficial. 
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a.  Si3N4  coating,  six  layers  on  graphite  -  SO  v/cm,  15  sec. 


b.  Above  specimen  after  7  hrs  of  repeated  1— hr  exposures  at 
830*  C.  Weight  loss  6.1% 

Fig.  13:  S13N4  coating  after  sintering 
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b.  X-ray  mapping  of  Si  on  area  seen  in  a. 

Fig.  14:  Cross-section  of  specimen  seen  in  Fig.  13b. 
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Fig.  15a:  Cross-section  through  C— C  coated  with 
SijN4  at  50  v/cm,  15  +  15  sec  after  oxidation 
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Fig.  15b:  X— ray  mapping  of  area  seen  in  15a. 
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Fig.  16:  Cross-sections  of  C -C  composite  specimen 
coated  with  Si 3N4  after  sintering 


Fig.  17:  Cross-sections  of  C-C  composite  specimen 
coated  with  Si3N 4  after  repeated  l-hr  exposures  at 
830’  C  for  7  hrs.  Weight  loss  38,0% 


Continuation  of  Fig.  17 


Si  3N4  was  deposited  on  an  underlayer  of  AljTiO$.  The  condition  for 
deposition  of  AljTiOs  (with  two  kinds  of  sintering  additions  -  5%  BaCOj  or 
5%  SiOj)  were  as  follows: 

—  stage  I  (impregnation): 

fluid  —  20%  propanol  in  water 
concentration  -  30  gft 
field  intensity  —  75  v/cm 
time  —  60  min 
Stage  II  (external  coating) 
fluid  —  propanol 
concentration  —  30  g jl 
field  intensity  — 100  v/cm  —  200  v/cm 
time  —  twice  1—2  min  (change  of  holder  position) 

In  some  experiments  20  ml/t  of  85%  H1PO4  were  added  to  the  propanol  in 
order  to  obtain  cementation  of  the  AljTiOs  deposit.  This  helped  to  maintain 
the  integrity  of  this  layer  during  the  deposition  of  the  SijN*.  Under  these 
conditions  the  deposit  formed  on  the  anode  indicating  absorption  0'  PO<  ions 
on  the  particles. 

Stage  III  -  S13N4  coating: 
fluid  -  propanol 
concentration  - 100  g fl 
field  intensity  —  50—100  v/cm 
time  —  twice  15—30  sec 

A  macro  view  of  C-C  and  graphite  specimens  coated  with  SijN«  on  top  of 
A^TiOs  is  seen  in  Figs.  18  and  19.  A  cross-section  through  coated  graphite 
in  the  "green"  state  is  seen  in  Fig.  20.  X-ray  mapping  of  Ti  shows  its 


Fig.  18:  C-C  specimen  coated  with  Si3N<  +  Al2Ti05  before  sintering 


Fig.  19:  Graphite  specimen  coated  with  Si3N4  +  Al2Ti05  before  sintering 
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SijN*  on 
AI3T1O5 


X— ray  Si 


20:  Cross-section  of  double  layer  deposit  of  Si  3N4 
(100  g /l  isopropanol,  50  v/ cm,  2  min)  and  Al2TiOs 
ft  isopropanol  200  v/cm,  90  sec)  and  X-ray  images 

100) 


29 


presence  in  a  uniform  underlayer  with  "pegging"  into  the  pores  of  the 
substrate.  Si— mapping  shows  its  massive  presence  in  the  upper  layer  but 
also  a  smaller  amount  is  present  in  the  underlayer  indicating  the  penetration 
of  SisN*  particles  into  the  pores  of  the  AljTiOj  layer. 

Sintering  of  the  coating  was  performed  as  before  at  1650*  C  1.5  hrs  in  N2. 
The  sintered  coating  has  an  uneven  dark  grey  color.  Figs.  21  and  22  show 
sintered  specimens.  X-ray  diffraction  pattern  of  the  sintered  coating  is  seen 
in  Fig.  23  indicating  formation  of  SiC  through  interaction  of  SijN<  with  the 
substrate  and  decomposition  of  the  AljTiOs.  Cross-sections  through  the 
sintered  coating  in  graphite  are  seen  in  Figs.  24  and  25.  A  dense  layer  of 
Si2N4  reaching  the  substrate  is  on  top  of  a  Ti  containing  layer  (TiOj?). 
X— ray  mapping  of  A1  shows  it  to  be  distributed  through  the  entire  coating. 
Cross-section  through  a  C-C  coated  specimen  and  its  mapping  are  seen  in 
Figs.  26  and  27.  The  distribution  of  the  elements  is  similar  to  that  in  the 
coating  on  graphite.  Local  microanalyses  in  the  middle  of  the  coatings  and 
near  the  substrate  are  seen  in  Fig.  28  a  and  b,  respectively.  Cross-sections 
through  a  graphite  coated  specimen  after  oxidation  at  830*  C  for  7*1— hr 
exposures  are  seen  in  Fig.  29.  An  adherent  intact  coating  is  seen  on  the 
whole  periphery  of  the  specimen.  Indeed  the  weight  loss  of  this  specimen  was 
nil.  The  presence  of  Ti  in  the  pores  of  the  substrate  is  shown  by 
microanalysis  in  Fig.  30. 

3.5  SiiN<  on  Fused  SiO-;  Coatings 

The  underlayer  of  fused  Si02  was  obtained  at  the  following  conditions: 
particle  concentration  -  100  g jl 
field  intensity  —  5  v/ cm 

time  -  twice  2  min  (in  between  drying  at  200*  C  for  30  min) 
fluid  —  water 


Fig.  21:  Si3N4  +  AI2T1O5  coating  on  C-C  after  sintering 
at  1650' C  for  1.5  hr  in  N2 


Fig.  22:  Si3N4  +  A^TiOs  coating  on  graphite 
after  sintering  at  1600' C  for  2.5  his  in  N2 
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a. 

x-ray  mapping 
of  Si 


b. 

x-ray  mapping 
of  Ti 


-ray  mapping 
of  AJ 


Fig.  25: 


X-ray  mapping  of  area  seen  in  Fig.  24b 


Fig.  28:  EDS  spectrum  of  area  seen  in  lig.  26 
a)  Center  of  coating 
b)  Near  substrate 
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Fig.  30:  EDS  spectrum  of  particle  in  pore,  coating 
Si  3N  4  +  AljTiOs 
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The  SisN4  coating  was  deposited  at  50  v/cm  for  15  +  15  sec.  Sintering  of  the 
coating  was  as  mentioned  before.  The  overall  thickness  of  the  coatings  was 
110— 150/x.  The  X-ray  diffraction  pattern  after  sintering  is  seen  in  Pig.  31. 
As  in  the  system  +  Al2Ti05  interaction  with  the  substrate  resulted  in 
SiC  formation  as  well  as  metallic  Si  is  formed.  As  expected  peaks  of  SiOj 
and  SiaN<  are  seen.  Fig.  32  shows  a  cross-section  through  the  sintered 
coating.  Fig.  33  shows  cross-sections  through  the  coating  after  a  4— hr 
exposure  at  830*  C.  Anchoring  of  the  coating  in  the  pores  is  seen,  however. 
Horizontal  and  vertical  cracks  through  the  coating  are  seen  which  indeed 
impaired  the  oxidatior  resistance  (see  further).  Another  example  of 
anchoring  of  the  coating  in  the  porous  substrate  is  seen  in  Fig.  34. 

3.6  ShN<  coatings  after  impregnation  with  BN 

BN  particles  were  induced  into  the  pores  of  graphite  at  5  v/cm,  for  60 
min  at  a  concentration  of  30  g  jt  in  water  +  20%  propanol.  Si3N4  was  then 
deposited  at  50  v/cm,  15  +  15  sec.  Sintering  was  performed  as  before.  No 
SEM—EDS  photos  are  available  due  to  the  fact  that  both  B  and  N  are  not 
detected  in  it.  As  shown  later,  no  improvement  in  oxidation  resistance  was 
found. 

3.7  Coatings  of  exhaust  nozzles  and  crucibles 

Following  the  sintering  and  oxidation  experiments  a  "real"  system  was 
coated  and  tested.  The  test  was  performed  on  a  set  of  graphite  exhaust 
nozzles  which  were  coated  with  S13N4  and  underlayers  of  fused  SiOj  and 
Al2Ti05  respectively.  Prior  to  the  coating  of  the  nozzles  experiments  were 
carried  out  with  the  same  shapes  made  of  brass.  The  purpose  of  this  stage 
was  to  determine  the  deposition  conditions  and  shape  of  electrodes  so  as  to 
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Fig.  33:  Cross-section  of  coated  graphite  specimen 
but  after  4  hrs  at  830' C  (SijN*  on  fused  SiO?) 
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X-ray  mapping 
of  Si 
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Fig.  34: 


Cross-section  of  graphite  specimen  coated 
with  SijNi  +  Si02  and  sintered 
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obtain  an  internal  uniform  coating.  The  inner  electrode  was  a  shaped 
electrode  with  a  shape  that  copied  the  inner  space  of  the  nozzle.  The  coated 
brass  models  are  seen  in  Fig.  35.  Following’  this  experiment  the  graphite 
nozzles  were  coated,  sintered,  and  tested. 

Figs.  36  and  37  show  the  graphite  nozzles  after  sintering.  The  graphite 
nozzles  were  tested  under  conditions  that  simulate  an  air-breathing  engine 
that  operates  at  high  temperature  (2000*  C)  at  an  absolute  pressure  of  6  atm. 
with  an  excess  of  oxygen  —  equivalent  ratio  of  fuel/oxygen  =  0.75.  The 
performance  was  compared  to  that  of  nozzles  coated  with  CVD  SiC.  The 
conclusion  of  the  experiment  that  lasted  100  sec  were  that  no  effect 
whatsoever  is  seen  on  the  nozzles  with  the  electrophoretic  deposit.  The  SiC 
coated  nozzles  performed  the  same  but  were  exposed  for  50  sec  only. 

Another  application  was  the  inner  and  outer  coating  of  a  graphite 
crucible  used  for  metal  casting.  Fig.  38  shows  the  coated  crucible  (SijN4  on 
AljTiOs)  prior  to  sintering.  An  uniform  coating  was  obtained  using  shaped 
electrodes.  Sintering  was  performed  later  and  soon  the  crucible  will  be  sent 
for  testing. 

3.8  Oxidation  Experiments 

The  last  stage  of  this  work  was  dedicated  to  the  testing  of  the  oxidation 
resistance  of  coated  graphite  and  C-C  specimens.  These  experiments  led  to 
some  interesting  results,  however,  there  were  some  limitations  that  did  not 
allow  a  full  assessment  of  the  oxidation  protection  in  some  cases.  The  main 
limitation  is  in  the  discontinuity  'of  the  coating  formed  as  a  result  of  the 
contact  with  the  holder  during  the  deposition.  Although  efforts  were  made  to 
remedy  this  by  repeating  the  coating  while  changing  the  holder  position,  this 
did  not  always  eliminate  the  defect.  Further  elaboration  of  this  coating 
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Fig.  35'  Brass  model  coated  with: 
a.  S i 3 N 4  on  SiO; 

SiO;  —  100  g/L  5v/cm.  2  min  »  2, 
S13N4  -  100  gjl.  50  v/em,  30  sec 
fc.  SiiN 4  on  A!;.TiO< 

AijTiOt-  -  30  g/L  200  v/cm.  1.5  nun 
SijN <  -  100  g /A  50  v/cm,  30  sec 
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Fig.  36:  Coated  graphite  nozzles  after  sintering 
Coating  on  AljTiOs 
AljTiOs  -  30  gll,  200  v/cm,  1,5  min 
SisN4  -  100  g/t,  50  v/cm,  30  sec 
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Fig.  37:  Coated  graphite  nozzles  after  sintering 
Coating  S13N4  on  SiC>2 
SiC>2  -  100  g/£,  5  v/cm,  2  min  *  2 
S^Ni  -  100  g /l,  50  v/cm,  30  sec  *  2 


Fig.  38:  Coated  graphite  crucible  before  sintering 
Coating:  Si 3N 4  on  AJjTiOs 
A^TiOs  -  30  g ft,  100  v/cm,  30  min 
SijN4  -  100  g/4  50  v/cm,  30  sec 
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method  will  have  to  put  emphasis  on  this  issue.  As  a  result  of  this  very  rapid 
failure  occurred  in  some  cases  while  in  others  including  duplicate  specimens 
very  good  performance  was  exhibited.  Therefore,  only  a  relatively  small 
selection  of  results  is  presented,  while  many  more  were  omitted.  Due  to  the 
limit  in  time  the  number  of  experiments  with  C— C  specimens  was  smaller 
after  exhaustive  experiments  with  graphite  specimens.  The  oxidation 
conditions  as  this  initial  stage,  were  relatively  mild  and  were  determined  in 
consulting  with  experts  of  Wright-Patterson  Laboratories. 

Tables  1  and  2  summarize  the  weight  losses  of  the  specimens,  expressed 
in  weight  percentages,  during  exposure  at  830*  C  in  air.  When  repeated 
exposures  were  done  they  included  cooling  to  room  temperature  in  air  and 
re-exposure  to  the  oven  maintained  at  the  testing  temperature.  As 
reference,  uncoated  graphite  specimens  were  used.  Their  complete 
gasification  took  place  after  3  repeated  exposures.  Specimens  4.69  and  4.70 
present  duplicates  of  a  SijN<  coating  following  BN  impregnation.  The  large 
difference  in  weight  loss  is  probably  due  to  the  defect  in  the  coating 
continuity.  The  same  explanation  may  hold  for  the  high  loss  of  specimen 
4.83  which  differs  from  specimens  4.81,  4.82  and  4.85  in  field  intensity  only. 
The  high  weight  losses  of  specimens  4.86,  4.89  and  4.90  may  be  attributed  to 
the  fact  that  the  holder  position  was  not  changed  during  deposition.  While 
this  was  done,  as  in  specimen  3.147,  a  significantly  better  result  was 
obtained.  Si3N4  coatings  on  fused  SiOj  gave  very  high  weight  losses  in  all 
specimens  tested.  However,  in  the  nozzle  coating  tested  at  different 
conditions  good  results  were  obtained.  Therefore,  it  is  suggested  to  further 
test  the  merit  of  this  system. 

The  best  results  with  graphite  specimens  were  obtained  with  the  SijN«  + 
AljTiOs  system  where  in  some  conditions  almost  nil  weight  loss  was  recorded 
after  seven  (1-hr)  repeated  exposures  which  included  an  element  of  repeated 
thermal  shock. 
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On  C— C  specimens  only  SijN<  and  SijN<  -f  AljTiO$  coatings  were  tested 
in  view  of  the  poor  behavior  of  S13N4  +  Si02  on  graphite  specimens.  The 
irreproducibility  on  these  specimens  was  higher  than  on  the  graphite 
specimens  (see  specimens  4.79  and  3.173).  However,  relatively  good 
protection  was  obtained  in  continued  exposure  by  both  coating  systems  by 
two  consecutive  15  sec  coatings  (while  changing  holder  position)  both  at  50 
and  100  v/cm  for  the  S4N4  coating  and  (specimen  4.104,4.110  —4.111)  and 
same  coating  conditions  for  on  top  of  a  AljTiOs  layer  (specimens  4.118 
and  4.119).  No  benefit  of  the  Al2TiC>5  presence  was  seen  in  case  of  the  C—C 
substrate.  However,  this  result  should  be  re-evaluated  before  drawing  final 
conclusions. 

Figs.  39-47  present  the  weight  losses  graphically  by  histograms  and 
graphs.  It  should  be  noted  that  these  curves  were  drawn  on  the  basis  of  the 
specimen  with  best  performance  in  each  group,  which  it  is  believed  to 
represent  the  potential  of  the  respective  coatings.  Figs.  39—40  show  the 
performance  of  the  different  coatings  on  graphite.  The  drastic  difference  in 
the  coated  vs.  uncoated  specimens  is  seen,  as  well  as  the  excellent 
performance  of  the  S13N4  +  Al2TiOs  system  and  the  limited  performance  of 
the  Si2N4  +  Si02  system. 

Figs.  41  and  42  show  the  behavior  of  coatings  obtained  at  different 
deposition  conditions.  They  show  that  the  best  protection  is  obtained  by  two 
consecutive  depositions  (while  changing  holder  positions)  at  the  higher  field 
intensity  (100  v/cm).  The  beneficial  effect  of  the  Al2TiOs  under  the  SijN4 
on  graphite  specimens  is  seen  in  Figs.  43  and  44.  The  seemingly  detrimental 
effect  of  the  Si02  underlayer  is  seen  in  Figs.  45.  Fig.  46  shows  the  effect  of 
deposition  conditions  of  SbN4  on  C-C  on  oxidation  protection.  The  coatings 
were  obtained  at  two  field  intensities  (50  and  100  v/cm)  during  15  +  15  sec. 
Fig.  47  shows  the  lack  of  positive  effect  of  the  presence  of  an  underlayer  of 
Al2TiC>5  on  C— C  based  on  specimens  4.93  arid  4.95  from  Table  2. 
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Table  No.  2:  %  Weight  loss  as  a  function  of  exposure  time  at  830*  C.  C-C  specimens  (cont.) 

Specimen  No  4.84  4.110  4.111  4.93  4.95  4.116  4.117  4.118  4.119 

Deposit  Si,N4  Si8N4  SijN4  SijN4  SijN4  SijN4  SijN4  SijN<  S13N4 
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4,  Summary  and  Conclusions 

The  work  presented  in  this  report  concentrated  on  the  final  steps  of  the 
development  of  electrophoretic  protective  coatings  for  graphite  and 
carbon-carbon  composites.  The  emphasis  was  therefore  on  the  sintering  of 
these  coatings  and  the  testing  of  their  protective  properties.  The  deposition 
conditions  were  determined  in  the  previous  stages  of  this  project. 

The  coating  systems  studied  were:  AljTiOs,  HfTiOi,  SijN4,  Si»N4  on 
AljTiOs,  Si3N4  on  fused  SiOj  and  SijN4  on  BN.  The  A^TiOs  and  HfTi04 
coatings  were  selected  due  to  their  compatibility  with  graphite  and  C-C  in 
terms  of  thermal  expansion.  However,  it  was  expected  that  due  to  the 
anisotropicity  of  the  thermal  expansion  coefficient  microcracking  will  take 
place  and  therefore  additional  overcoating  will  be  needed  for  oxidation 
protection. 

The  HfTiC>4  disintegrated  after  sintering  and  no  viable  undercoating 
could  be  obtained.  AljTiOs  was  impregnated  and  uniformly  deposited. 
Sintering  at  1650*  C  in  Nj  resulted  in  adherent  coatings  which  however 
decomposed  partially  into  A12Oj  and  TiOj  as  shown  by  the  X— ray  diffraction 
pattern. 

SijN4  coatings  were  obtained  both  in  single  and  multiple  deposition 
stages.  Multiple  deposition  was  done  primarily  in  order  to  change  the  holder 
position  to  minimize  defects  in  the  coatings.  After  sintering  at  1650' C  in  Nj 
uniform,  adherent  coatings  were  obtained  with  exte^ive  anchoring  in  the 
pores  and  voids  of  the  substrate.  Interaction  with  the  substrate  took  place  as 
indicated  by  diffraction  peaks  of  SiC  and  Si. 

Si3N4  coatings  with  underlayers  of  AljTiOs  were  obtained.  Uniform 
layers  of  S13N4  with  penetration  into  the  A^TiOs  underlayer  formed  in  the 
"green”  state.  After  sintering  cross-sections  showed  dense  layers  of  Si2N4 
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anchored  in  the  substrate  with  a  discontinuous  layer  of  a  Ti  containing 
component  below  the  SijNi  and  an  even  distribution  of  the  element  A1  in  the 
entire  coating.  Very  extensive  anchoring  of  the  SijN<  coating  is  seen  both  in 
graphite  and  C— C  specimens.  Overall  coating  thicknesses  were  up  to  88/1 
Adherent  coatings  of  SijN*  on  fused  Si02  were  obtained  with  anchoring  in 
the  substrate.  Horizontal  and  vertical  microcracks  are  seen  in  the  coatings 
after  sintering. 

Impregnation  of  BN  into  the  pores  prior  to  SisN4  coating  was  attempted. 
Since  both  B  and  N  are  not  visible  in  the  EDS— SEM  no  evidence  of 
penetration  was  seen  except  for  weight  gain  after  impregnation. 

Shaped  objects,  exhaust  nozzles  and  casting  crucibles,  were  coated  with 
S13N4  +  AljTiOs  and  Si3N4  +  SiOj.  Uniform  internal  and  external  coatings 
were  obtained  using  shaped  electrodes. 

Oxidation  experiments  were  carried  out  by  recording  the  weight  loss 
during  continuous  and  repeated  exposures  of  830*  C.  Best  results  with 
graphite  specimens  were  obtained  with  the  Sis^  +  A^TiOs  system  where  in 
some  cases  nil  weight  loss  was  recorded  after  7  repeated  1— hr  exposures,  a 
regime  that  exposed  the  specimens  to  repeated  thermal  shock.  No  beneficial 
effect  of  an  underlayer  of  fused  SiOj  or  BN  was  found  in  laboratory 
specimens  when  compared  with  SisN4  only.  However,  very  good  results  were 
obtained  with  an  underlayer  of  SiC>2  on  exhaust  graphite  nozzles  under 
specific  testing  conditions. 

On  C— C  specimens  low  weight  losses  were  obtained  with  S13N4  and  SJ3N4 
on  A^TiOs  in  continuous  exposure  experiments.  In  most  repeated  exposure 
tests  high  weight  losses  were  recorded.  However,  in  some  experiments  SisN4 
coatings  gave  low  weight  loss.  The  irreprodudbility  of  the  results  in  both 


materials  and  in  particular  in  the  case  of  C-C  may  stem  from  a  major  defect 
in  the  coating  formed  on  the  location  of  the  holder  during  deposition. 
Although  repeated  depositions  were  made  this  problem  may  not  have  been 
solved  completely  and  should  be  elaborated  in  further  experiments. 
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ELECTROPHORETIC  AND  ELECTROLYTIC  DEPOSITION 
OF  CERAMIC  PARTICLES  ON  PORODS  SOBSTRATES 

L.  Gal -Or,  S.  Haber,  S.  Liubovich 

Summary  of  Annual  Report 
1  July  1990  -  30  June  1991 


INTRODUCTION 

The  present  phase  of  the  research  project  concentrated  on  the 
following  aspects: 

Surface  deposition  and  penetration  of  low-expansion 
ceramic  materials  such  as  A12Ti05  and  HfTiCU  on  porous 
graphite . 

Multilayer  electrophoretic  deposition  of  two  different 
ceramic  materials:  Al2Ti05  and  S3N*  as  well  as  glass 
ceramic  and  SiC. 

Electrolytic  deposition  of  a  single  oxide  (A1203>  and 
co-deposition  of  two  oxides  (Al203+Zr02>  from  aqueous 
ionic  soltions. 

Theoretical  analysis  of  particle  penetration  into  pores 


The  interest  in  the  deposition  of  lo* -expansion  ceramics  stems 
from  the  intention  to  apply  electrophoretic  deposition  for  the 
coverage  and  impregnation  of  carbon-carbon  composites  with 
appropriate  ceramic  materials  so  as  to  prevent  its  oxidation 
at  elevated  temperatures.  AlaTiOs  and  HfTiCU  are 
characterised  by  low  thermal  expansion  coefficients  similar  to 
that  of  carbon-carbon  .  Therefore,  their  use  as  coating 
materials  may  provide  the  neccessary  compatibility  with  the 
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substrate  from  the  point  of  view  of  thermal  expansion. 
However,  it  is  known  that  the  expansion  of  these  materials  is 
anisotropic  and  therefore  mic'rocrackmg  of  the  coating  takes 
place  upon  sintering.  It  has  been  realized  for  some  time  that 
the  complicated  problem  of  carbon-carbon  protection  will  have 
to  be  solved  by  the  application  of  several  different  coatings. 
It  was  thus  considered  of  great  importance  to  study  sequential 
electrophoretic  deposition  of  another  ceramic  material  such  as 
SiaN*  on  the  Al2TiOs  as  a  remedy  of  the  detrimental  effect  of 
microcracking . 

The  above  mentioned  studies  were  performed  on  the  basis  of  the 
conclusions  from  the  previous  basic  experimental  and 
theoretical  studies  of  the  deposition  of  colloidal  Si02. 

The  electrolytic  deposition  of  Zr02,  studied  in  the  previous 
year,  was  now  extended  to  its  codeposition  with  another 
axide-AlaOa.  Thus  the  deposition  of  Ala03  only  was  first 
studied  and  then  the  feasibility  of  co-deposition  was 
demonstrated.  The  effect  of  deposition  parameters  on  the 
kinetics,  morphology  and  composition  of  the  coatings  was 
studied. 

The  penetration  of  particles  into  a  porous  substrate  assuming 
it  consists  of  pores  which  are  closed  at  the  far  end  was 
analyzed  theoretically  (an  open  interconnected  porous 
structure  was  considered  previously). 


EXPERIMENTAL 

The  electrophoretic  and  electrolytic  deposition  was  carried 
out  on  porous  graphite  substrates  ( UCAR  grade  45,  48%  volume 
porosity  average  pore  size  60  it).  Initial  experiments  with 
C-C  were  performed  on  a  2-D  composite  supplied  by  the  USAF. 

AlaTiQ5,  prepared  at  the  Israel  Ceramics  Institute,  had  a  5% 
BaC03  addition  and  an  average  particle  size  of  1.4  u.  The 
HfTiO*  was  acquired  from  Cerae  Corp.  and  had  originally  an 
average  size  of  70  u. 


Si3N*  particles  were  in  the  range  of  0. 5-1.0  u  and  that  of 
SiC>40  u-  Suspensions  of  the  ceramic  particles  were  prepared 
in  isopropanol,  water  and  mixtures  of  the  two  solvents. 
Particle  concentrations  were  30,  100  and  250  g/1,  the  electric 
field  was  in  the  range  of  5-300  V/cm  and  deposition  times  were 
30  sec-60  mm. 

The  amount  of  impregnated  material  was  determined  by  weight 
change  after  removal  of  the  external  deposit. 

The  multilayer  deposition  was  carried  out  by  immersion  of  the 
substrate,  coated  with  the  first  layer  in  the  suspension  of 
the  second  material  while  still  wet. 

The  composition  and  morphology  of  the  multilayer  deposits  were 
studied  on  crossections  obtained  by  cutting  coated  specimens 
that  were  infiltrated  with  an  epoxy  resin  and  cured  for  10 
hrs .  These  studies  were  performed  with  a  JEOL  840  SEM  equipped 
with  an  EDS  unit. 

The  electrolytic  deposition  was  carried  out  from  solutions  of 
G.02-0.2M  Al ( NO a ) 3  with  and  without  Q.01-0.05M  ZrO(N03)a. 

The  deposition  was  done  at  constant  current  with  c.d.'s  in  the 
range  of  15-60  mA/cms  and  deposition  times  of  20  sec  -  40  min. 

Some  deposits  were  heat-treated  at  1200*C  for  1  hr.  Morphology 
and  roicroanalysis  were  studied  in  the  JEOL  840  SEM  and  phase 
content  with  an  x-ray  diffractometer  Phillips  Model  PW-1730. 


SCMMARY  OF  RESOLTS 

In  contrast  to  the  SiOa  particles  deposited  m  previous 
studies  it  was  found  that  both  AlaTiOs  and  HfTiO*  .deposit  on 
the  cathode  both  from  water  and  ipropanol  suspensions.  The 
positive  charge  on  the  particles  indicates  a  high  isoelectric 
point  since  the  pH  of  these  suspensions  was  determined  as  8.1 
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in  water  and  6.2  in  propanol.  As  in  the  previous  study  of 
S1O3  deposition,  it  was  found  that  penetration  of  AXaTi05  into 
the  porous  substrate  is  higher  in  water  than  in  ipropanoi . 
However,  the  addition  of  =20%  ipropanoi  to  the  water  lead  to  a 
maximal  penetration  probably  due  to  better  wetting  of  the 
graphite  as  demonstrated  in  simple  wetting  experiments.  About 
6%  of  substrate  weight  of  AlaTiOs  were  induced  into  the  pores 
at  100  V/cm,  30  g/1  after  60  min.  The  surface  deposition, 
however,  is  both  higher  and  morphologically  better  in  propanol 
due  to  a  lower  fraction  of  penetrated  material  and  lower  Ha 
formation  on  the  cathode. 

It  was  thus  concluded  that  for  optimal  coverage  and 
penetration  a  two  stage  process  would  be  employed: 
impregnation  from  an  aqueous  solvent  with  20%  ipropanoi  for 
relatively  low  duration  (60  mm,  75-100  V/cm)  and  coating  in 
ipropanoi  at  higher  field  (200  V/cm)  and  shorter  duration  (=2 
min).  It  was  shown  that  impregnation  increases  with  field 
intensity  and  deposition  time.  The  morphology  of  surface 
deposits  and  impregnated  crossections  were  studied. 

The  feasibility  of  subsequent  deposition  of  two  different 
layers  of  materials  with  zeta  potentials  of  the  same  polarity 
wag  shown  for  Si3N<  on  Al^TiO,  (cathodic  deposits)  and  SiC  on 
glass  ceramic  (anodic  deposits).  The  deposition  is  carried 
out  by  transferring  the  coated  substrate  from  the  first 
suspension  into  the  second  to  continue  the  deposition  of  the 
second  material.  Crossections  of  the  two  layers  were  prepared 
after  impregnation  of  the  specimens  with  an  Epoxy  resin  and 
its  curing.  Elemental  analysis  and  Si  and  Ti  x-ray  images 
were  performed  in  the  SEM  and  the  existence  of  the  two  layers 
shown.  However,  penetration  of  the  Si3N4  and  SiC  into  the 
first  layer  was  observed.  The  layer  thicknesses  obtained  in 
these  experiments  were  in  the  range  of  150-300  v. 

The  co-deposition  of  two  oxides  by  an  electrolytic  process 
from  aqueous  solutions  containing  salts  cf  both  cations 
Al (N03 ) 3+Zr0(N03 ) 3  was  demonstrated  and  studied  for  AlsOa-ZrOz 
deposits.  Prior  to  that  the  deposition  of  Al303  was  studied. 
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The  effect  of  field  intensity  on  the  penetration  in  the 
optimal  solvent  is  seen  in  Fig.  4.  The  penetration 
increases  with  field  intensity  in  the  range  tested 
(further  increase  in  field  intensity  caused  excessive 
heating  of  the  suspension  and  was  therefore  not  studied). 
A  deccelerating  effect  of  deposition  time  on  penetration 
is  seen  in  Fig.  5. 

Figs.  6  &  7  describe  the  morphology  of  the  coating  and 

penetration.  The  surface  deposit  of  Al3TiOs  is  seen  in 
Fig.  6.  The  coverage  is  uniform  on  a  macroscale  with  a 
high  degree  of  roughness  reflecting  the  porous  surface  of 
the  substrate.  It  was  found  that  a  denser  and  more 
uniform  deposit  is  obtained  in  ipropanol  at  high  field 
intensities  and  short  deposition  times. 

A  crossection  of  a  penetrated  specimen  obtained  at  optimal 
penetration  conditions  compared  with  a  reference  untreated 
specimen  is  seen  in  Fig.  7. 


bj  Multilayer  Deposition 

A  schematic  description  of  the  multilayer  deposition  is 
given  in  Fig.  8.  A  deposit  of  particles  A  is  formed  in 
suspension  A,  the  coated  specimen  is  removed  from  the 
suspension  and  while  still  wet  introduced  in  suspension  B. 
A  deposit  of  particles  B  is  formed.  A  more  thorough  study 
of  this  two-stage  deposition  process  should  be  done  in  the 
future.  So  far,  two  systems  were  deposited:  Si»N*  on  top 
of  AlaTiOs  and  SiC  on  a  glass  ceramic  deposit.  In  each 
system  the  zeta  potential  of  the  different  materials  had 
the  same  sign,  Si3N«  and  AlaTiO»  deposited  both  on  the 
cathode,  while  SiC  and  the  glass  ceramic  migrated  to  the 
anode.  When  couples  of  materials  with  opposite  zeta 
potential  were  studied,  the  first  deposit  migrated  away 
from  the  substrate  when  its  polarity  was  changed  so  as  to 
deposit  the  next  layer.  Yet  conditions  can  be  envisaged 
where  such  two-layer  deposition  can  still  be  performed  and 
these  will  be  studied  in  a  future  work. 

Crossections  of  the  two  layer  deposits  are  seen  in  Figs. 
9-12.  Fig.  9  shows  an  optical  micrograph  of  the  layer  of 
AlaTiOs  and  SisN*  as  well  as  an  SEM  x-ray  image  of  Si  and 
Ti  at  a  higher  magnification.  The  overall  layer  thickness 
is  *350  vm.  The  element  Si  is  seen  in  both  layers  with  a 
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much  higher  density  in  the  outer  layer  (the  SiaN«).  Its 
existence  in  the  inner  layer  (the  AlaTiOs>  is  explained  by 
penetration  of  some  Si*N*  into  the  initial  porous 
("green")  AlaTiOs  layer.  The  element  Ti ,  however,  exists 
as  expected  only  in  the  inner  layer.  An  interesting 
feature  is  the  "pegging"  of  the  inner  layer  in  the  pores 
of  the  substrate.  The  thickness  of  the  Si*N*  is  *200  yra 
and  that  of  AlaTiOs  *150  urn.  Composition  graphs  of  the 
the  two  layers  are  seen  in  Fig.  11  showing  again  the 
penetration  of  Si  into  the  underlying  AlaTiOs  layer. 

Two  anodic  deposits  are  shown  in  Figs.  11,  12.  An  inner 
glass  ceramic  layer  (*300  u)  with  an  elemental  composition 
seen  in  Fig.  11a  and  an  x-ray  image  characterized  by  the 
element  K.  An  outer  layer  of  SiC  <*150  y)  with  traces  of 
Fe  (from  the  anode).  The  x-ray  image  (Fig.  12b)  showB 
again  the  penetration  of  SiC  l characterized  by  the  element 
Si)  into  the  underlying  layer  of  the  glass-ceramic.  The 
amount  of  SiaNU  deposited  on  AlaTiOa  as  function  of 
deposition  time  was  determined  with  the  intention  to  study 
the  effect  of  the  underlying  AlaTiOs  layer  on  the 
deposition  of  Si*N*  (see  Fig.  13).  It  is  seen  that  the 
existence  of  the  underlying  layer  does  not  affect  the 
deposition  kinetics  probably  due  to  the  high  porosity  of 
the  first  layer  which  is  still  in  the  "green 
state” 


CONCLOSIOSS 

A  low  expansion  ceramic  material-aluminium  titanate  <AlaTiOa> 
was  electrophoretically  deposited  and  penetrated  into  porous 
graphite.  The  AlaTiOa  which  is  positively  charged  deposits 
on  a  cathodic  substrate  at  a  pH=8.1  indicating  a  relatively 
high  isoelectric  point.  The  amount  of  material  that 
penetrated  was  maximal  in  an  aqueous  solution  of  20% 
ipropanol.  This  composition  is  an  outcome  of  the  balance 
between  the  high  €/^  ratio  of  water  and  the  improved  wetting 
of  the  substrate  in  the  presence  of  ipropanol . 

Penetration  increases  with  electric  field  intensity  in  the 
range  studied  and  with  deposition  time.  For  optimal  coverage 
and  penetration  a  two  stage  process  should  be  applied: 

impregnation  in  a  20%  ipropanol  solution  in  water  ,  (at  100 
V/cm,  30  g/1  about  6%  of  substrate  weight  of  AlaTiOa  is 
penetrated  after  60  min. ) . 
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Surface  coating  in  ipropanol  at  a  high  field  strength 
(200  V/cm)  and  short  duration  (-2  min.). 

At  optimal  penetration  conditions  the  whole  crossection  of  a 
7  ram  thick  substrate  of  porous  graphite  was  penetrated. 

Multilayer  deposition  of  different  ceramic  materials  is 
possible  by  subsequent  deposition  from  different  suspensions 
of  materials  with  zeta  potential  of  the  same  polarity.  This 
was  demonstrated  by  forming  an  inner  layer  of  AlaTiOs  and  an 
outer  layer  of  SiaN.»  (cathodic  deposits)  as  well  as  an  inner 
layer  of  a  glass  ceramic  and  an  outer  layer  of  SiC  (anodic 
deposits).  The  individual  layer  thicknesses  were  in  the 
range  of  150-300  u . 

In  the  range  of  thickness  discussed,  the  existence  of  the 
underlying  "green"  layer  did  not  affect  the  kinetics  of 
deposition  of  the  external  layer. 
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ABSTRACT 


Previous  electrophoretic  deposition  and  penetration  studies 
were  further  extended  to  the  deposition  of  a  low  expansion 
ceramic  material  -  AlaTiOs  -  on  porous  graphite  and  to 
multilayer  deposition.  It  was  found  that  the  penetration  of 
AlaTiOs  into  the  pores  is  higher  in  water  than  in  propanol. 
However,  maximum  penetration  is  obtained  in  a  20%  mixture  of 
propanol  in  water  probably  due  to  enhanced  wetting  of  the 
graphite  surface.  The  surface  deposition  is  both  more 
efficient  and  morphologically  better  in  propanol.  Thus,  for 
optimal  average  and  penetration  a  two  stage  process  should  be 
employed. 

The  feasibility  of  subsequent  deposition  of  two  different 
layers  of  materials  with  zeta  potentials  of  the  same  polarity 
was  shown  for  deposition  of  Si*N«  on  AlaTiOs  (cathodic 
deposits)  and  of  SiC  on  a  glass  ceramic  layer  (anodic 
deposits).  Crossecttions  of  the  two  layers  in  the  order  of 
hundreds  of  microns  were  prepared  and  elemental  analysis  and 
x-ray  images  are  shown. 
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INTRODUCTION 

Basic  principles  and  parameters  of  electrophoretic  deposition 
of  ceramic  particles  in  the  pores  of  a  conductive  porous 
substrate,  were  described  in  two  previous  publications  11,21. 

These  reports  summarized  studies  of  deposition  of  colloidal 
SiOa  from  aqueous  and  nonaqueous  suspensions  on  porous 
graphite.  It  was  shown,  experimentally  111,  that  penetration 
is  enhanced  by  a  high  ratio  of  dielectric  constant  to 
viscosity  of  the  solvent  as  well  as  by  increased  particle 
concentration  and  electric  field.  At  optimal  conditions  the 
whole  crossection  of  the  porous  graphite  substrate  was 

penetrated  and  a  skeleton  of  SiOa  with  the  same  shape  and 
dimensions  as  the  original  graphite  specimen  was  obtained 
after  burning  off  of  the  graphite.  A  theoretical  analysis 
121  of  the  penetration  enables  to  predict  the  penetration 
depth  as  function  of  two  non-dimensional  parameters,  the 
Peclet  number  (Pe)  and  the  deposition  rate  (> ) . 

Large  Pe  and  low  X  enhance  the  penetration.  In  addition  to 
the  above  mentioned  results  the  feasibility  of  deposition  of 
a  variety  of  other  oxide  and  non  oxide  ceramic  materials 
(fused  SiOa ,  SiC,  SiN)  was  demonstrated. 

The  present  report  is  an  extension  of  these  studies 
concetrating  on  the  following  two  aspects: 

Surface  deposition  and  penetration  of  a  low  expansion 
ceramic  material  -  AlaTiOa  -  aluminium  titanate  on  porous 
graphite. 

Multilayer  electrophoretic  deposition  which  includes 
deposition  of  two  consecutive  layers  of  different 
composition:  AlaTiOa  and  SiaN«  as  well  as  a  glass  ceramic 
and  SiC. 

The  interest  in  the  low  expansion  ceramic  and  the  multilayer 
deposits  stems  from  the  intention  to  apply  electrophoretic 
deposition  for  the  coverage  and  impregnation  of  carbon-carbon 
composites  with  ceramic  materials  so  as  to  prevent  oxidation 
at  elevated  temperatures.  Carbon-carbon  (C-C)  composites  are 
of  great  interest  for  aerospace  applications  since  they 
exhibit  excellent  high-temperature  mechanical  stability  and 
low  weight.  However,  they  are  characterized  by  a  residual 
porosity  and  low  oxidation  resistance  in  air  at  temperatures 
above  500*C  (3-51.  Another  feature  of  these  composites  is 

their  low  thermal  expansion  coefficient  (1-3  x  10-“/*C).  The 
ceramic  protective  coating  should  therefore  be  characterized 
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by  a  low  expansion  coefficient  so  as  to  prevent  its  cracking 
during  use. 

Ala03-Ti03  (AlaTiOs)  has  one  of  the  lowest  thermal  expansion 
coefficients  as  seen  in  Fig.  1  [61.  Therefore,  it  is  a 
plausible  candidate  for  the  application  mentioned  above. 
However,  the  expansion  of  this  material  is  anisotropic  and 
therefore  microcracking  will  occur  when  applied  as  a  coating 
17].  The  detrimental  effect  of  the  microcracking  on  the 
oxidation  protection  can  be  remedied  by  another  coating 
deposited  on  the  AlaTiOs  such  as  SiaN«. 

In  addition  to  the  practical  interest  described  above  the 
study  of  sequential  electrophoretic  deposition  of  different 
ceramic  materials  is  of  interest  for  understanding  the 
process  and  widening  its  scope.  Thus  another  system  (glass 
ceramic  and  Sic)  was  also  deposited. 


EXPERIMENTAL  PROCEDURE 

The  deposition  and  impregnation  were  performed  on  porous 
graphite  -  UCAR  grade  45  with  a  48%  volume  porosity  and  an 
average  pore  size  of  60u.  (The  porous  graphite  serves  as  a 
model  material  for  the  C-C  composite).  The  specimens  were 
20x20x7  mm.  The  ceramic  materials  deposited  were: 

AlaTiOs  prepared  at  the  Israel  Ceramics  Institute  with  5% 
BaC03  added  for  sintering  enhancement.  After  attrition 
milling  the  average  particle  size  was  1.42  y. 

Si3N«-0.5  y. 

Sic  -  600  mesh  (<40  v) 

glass  ceramic,  Ferro-Electronic  Grade,  ly  average  size 

Suspensions  of  the  ceramic  materials  in  water,  isopropanol 
and  mixtures  of  the  two  solvents  were  prepared,  followed  by 
wet  milling  for  3  hrs  in  a  ball  mill. 

The  graphite  specimens  were  cleaned  ultrasonically  in  ethanol 
for  4  min  and  then  dried  at  -200*c  for  30  min. 

Deposition  was  carried  out  at  constant  voltage  in  an 
experimental  set-up  described  in  11).  The  electric  field  was 
in  the  range  of  5-300  V/cm,  the  deposition  time  30  sec  -  60 
min  and  particle  concentration  was  30,  100  and  250  gr/1. 
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For  quantitative  determination  of  deposited  material, 
specimens  were  weighted  after  drying  in  air  for  24  hrs  to  O.i 
mg.  For  determination  of  impregnated  material  the  external 
deposit  was  removed  with  a  gentle  brush  prior  to  the  weighing 
of  the  specimen.  The  morphology  and  composition  of  the 
deposit  were  studied  by  optical  and  electron  microscopy  with 
a  JEOL  840  SEM. 

For  study  of  crossections  the  coated  specimens  were  first 
impregnated  with  an  Epofix  (Struers)  resin  and  cured  for  10 
hrs  at  room  temp.  Then  the  crossection  was  prepared  by 
cutting  with  a  lathe  at  800  rpm. 

RESULTS  AND  DISCUSSION 

a >  Aluminium  Titanate  Deposition 

Preliminary  experiments  of  A12Ti05  deposition  both  from 
water  and  isopropanol  showed  that  the  particles  are 
deposited  on  the  cathode  as  opposed  to  SiOa  which  deposits 
on  the  anode.  The  surface  charge  of  oxides  forms  by  the 
adsorption  of  protons  or  hydroxyls  to  hydroxyl  groups 
existing  on  the  oxide  surface  and  which  act  as  amphoteric 
sites: 


H*  OH- 

MOHa~  < —  MOH  - >  MO~  +  H20 

The  surface  charge,  is  given  by: 

(j  =  e(V,  -  V_)  where 
e  -  electronic  charge 

V,.  -  numbers  of  positive  sites  per  unit  area 
V_  -  numbers  of  negative  sites 

At  a  pH  lower  than  the  isoelectric  point  (i.e.p.,  the 
point  at  which  the  zeta  potential  is  zero)  the  surface 
charge  is  usually  positive  and  at  a  higher  pH  the  charge 
is  negative. 

The  deposition  of  AlaTi05  on  the  cathode  indicates  that 
the  particles  are  positively  charged  and  that  the 
isoelectric  point  is  at  a  relatively  high  pH.  The  pH  of 
the  suspension  of  AlaTiOs  in  water  was  measured  as  8.1  and 
that  in  ipropanol  as  6.2.  From  literature  (81  it  is  known 
that  the  isoelectric  point  of  Si03  is  at  pH=2.5  and  that 
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of  Ai203  is  at  pH =9 . 1 .  The  i.e.p.  of  Al2TiOa  is  probably 
similar  to  that  of  Ala03  and  this  explains  the  difference 
in  polarity  of  Si02  and  AlaTiOa.- 

From  previous  studies  11,2]  we  know  that  particle 
penetration  is  enhanced  by  higher  Pe  numbers: 


Uxb  (U1  +  U“)xb 

Pe  =  -  =  - 

D  D 

U1  -  electrophoretic  velocity 
U“  -  electroosmotic  velocity 
b  -  mean  pore  radius 
D  -  diffusion  coefficient 
k  -  local  deposition  rate 

The  electrophoretic  velocity  u1  =  6  pE/4nu. 

Therefore  in  solvents  with  a  higher  ratio  of  6/y  the 
penetration  is  enhanced.  For  water  this  ratio  is  81/1 
while  for  ipropanol  it  is  18.3/2.  As  expected,  the  amount 
of  AlaTiOa  that  penetrated  into  the  porous  graphite  in 
water  is  higher  than  that  in  ipropanol.  However,  when 
mixtures  of  Ha0  and  ipropanol  are  considered  a  maximal 
penetration  is  obtained  at  a  *20%  concentration  of 
ipropanol  in  water  (Fig.  2).  Fig.  2  describes  the  amount 
of  AlaTiOa  (expressed  in  percentage  of  specimen  weight)  as 
function  of  ipropanol  concentration  in  HaO  at  a  field 
strength  of  75  V/cm  after  60  min  in  a  suspension  of  30  g/1 
of  AlaTiO*.  The  maximum  at  20%  ipropanol  is  explained  by 
better  wetting  of  the  graphite  as  compared  to  pure  HaO  as 
was  demonstrated  in  primitive  wetting  experiments 
performed  in  different  Ha0:  ipropanol  solutions.  The 
surface  deposition,  however,  is  both  higher  and 
morphologically  better  in  ipropanol.  This  can  be 
explained  by  the  lower  fraction  of  penetrated  material  as 
well  as  by  lower  parallel  Ha  formation  on  the  cathode 
during  deposition  from  the  nonaqueous  solvent. 

From  these  experiments  it  may  be  concluded  that 
optimization  of  coverage  and  penetration  of  a  porous 
substrate  by  electrophoretic  deposition,  as  described  in 
Fig.  3,  should  be  performed  in  two  stages.  Impregnation 
of  the  substrate  in  an  aqueous  suspension  with  20% 
ipropanol  and  coating  in  a  suspension  of  ipropanol . 


kb 

D 


where 
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The  mechanism  of  deposition  is  based  on  the  formation  of  OH- 
by  a  cathodic  reduction  of  NO*-;  and  0a  and  its  subsequent 
reaction  with  Al-a  and  ZrOa-3  to  form  Al(OH)a  and  Zr(OH)*. 

The  as-deposited  coatings  are  amorphous  and  after  a 
heat-treatment  at  1200*C  for  1  hr  became  crystalline 
exhibiting  phases  of  aAlaOa  and  tetragonal  ZrOa.  It  was  shown 
that  the  atomic  ratio  of  Al/Zr  in  the  deposit  can  be  varied 
by  varying  this  ratio  in  the  solution.  The  Al(OH)a  is, 
however,  preferentially  deposited  probably  due  to  the  higher 
diffusion  coefficient  of  Ai3-  as  compared  to  that  of  ZrOa3*. 

An  improval  of  coating  morphology  and  maximum  thickness  was 
obtained  by  applying  a  pulsed  current  for  deposition.  This 
effect  can  be  explained  by  the  creation  of  new  nucleation 
sites  for  deposit  formation  during  current  intermission 
decreasing  thus  the  cluster  size. 

During  deposition  of  AlaOa  the  cell  voltage  rises  steeply  as  a 
result  of  the  build-up  of  the  hydroxide  with  a  high  ohmic 
resistance.  At  a  certain  stage  further  growth  of  the  deposit 
is  enabled  by  local  breakdown  of  the  film  creating  new  sites 
of  reduction.  A  more  gradual  rise  in  cell  voltage  takes  place 
when  AlaOa  and  ZrOa  are  co-deposited  indicating  a  change  m 
the  dielectric  properties  of  the  co-deposit. 

The  theoretical  analysis  shows  that  deep  electrophoretic 
penetration  (more  than  hundred  pore  diameters)  can  be  achieved 
only  for  small  Damkohler  numbers  A  (  A <0.2)  and  for  high 
Peclet  numbers  <Pe>10)  where: 

U„xb 

Pe  =  - 

D 

k  -  local  deposition  rate; 
b  -  mean  pore  radius; 

D  -  diffusion  coefficient; 
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Uw  -  electroosmotic  velocity  adjacent  to  the  pore  wall. 


The  dispersion  around  the  mean  penetration  depth  is  large  for 
small  Damkohler  numbers  and  grows  almost  linearly  with  Peclet 
number.  Thus.  an  almost  even  spread  can  be  achieved  for  the 
same  values  which  will  bring  about  deep  penetration.  This 
result  is  a  very  favorable  outcome  for  electrophoretic  coating 
methods . 

Comparison  with  the  results  we  obtained  for  the  open  pore 
structure  of  the  substrate  reveals  that  penetration  depths  for 
closed  pores  is  smaller  whereas  dispersion  m  the  latter  is 
larger  provided  electroosmosis  exists. 
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Electrophoretic  and  Electrolytic  Deposition  of  Ceramic 
Particles  on  Porous  Substrates 


L.  Gal-Or,  S.  Haber,  S.  Liubovich 
Summary  of  Annual  Report 
1  July/89  -  30  June/90 


Introduction 

The  present  phase  of  the  research  project  concentrated  on  quantitative 
evaluation  of  the  ceramic  particles  induced  into  the  porous  substrate  as  a 
function  of  deposition  and  solvent  parameters.  This  evaluation  was  carried  out 
both  experimentally  and  theoretically  baaed  on  an  analytical  model  for  deep 
electrophoretic  penetration  of  particles  into  porous  substrates.  In  parallel 
to  the  electrophoretic  studies,  the  electrolytic  deposition  of  ceramic 
coatings  from  aqueous  solutions  was  studied  from  the  electrochemical  and 
micros tructural  aspects.  The  four  enclosed  manuscripts  describe  in  detail  the 
above  mentioned  studies.  Following,  therefore,  is  a  concise  description  of 
the  studies  and  their  results. 

Experimental 

The  experimental  studies  were  carried  out  on  porous  graphite  substrates  - 
UCAR  Grade  45.  This  substrate  has  a  48*  volume  porosity  with  an  average  pore 
size  of  60/i.  The  ceramic  particles  deposited  and  induced  by  electrophoresis 
were  submicron  colloidal  Si<>2  (Pyrogenic  Aerosil)  with  a  specific  area  of  450 
m2/g.  The  concentrations  of  the  ceramic  material  in  the  solvent  were  3,  13 
and  30  g/l.  The  solvents  in  most  experiments  were  water  and  isopropanol.  For 
the  study  of  the  effect  of  solvent  properties  on  penetration  ethanol  and 
pentanol  were  also  used.  The  field  intensity  was  varied  between  0-300v/cm  and 
the  deposition  time  between  5-120  min.. 

For  quantitative  determination  of  the  impregnated  SiO?,  the  weight  change 
of  the  specimen  was  recorded,  after  removal  of  the  external  deposit.  The 
amount  of  induced  Si02  was  also  determined,  in  some  cases,  by  weighing  the 
residue  after  burn-off  of  the  graphite  at  900°C  for  20  hrs. 
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The  electrolytic  deposition  studies  concentrated  on  the  deposition  of 
Zr02  from  a  0.1M  Zr0(N0j)2nH20  aqueous  solution.  The  deposits  were  obtained 
at  current  densities  ranging  from  15-100  mA/cm2  and  durations  of  10-60  min. 

For  kinetic  studies  the  coating  weights  were  determined  with  an  accuracy  of 
0.05  mg.  During  deposition  the  variation  of  cell  voltage,  pH  and  temperature 
of  the  solution  were  measured. 

The  microstructure  of  the  Zr02  coatings  was  characterized  by  optical  and 
scanning  electron  microscopy  and  the  phase  content  was  determined  by  X-ray 
diffraction.  The  microstructural  studies  were  carried  out  on  deposits  that 
were  fired  at  400,  600  and  900°C  for  1  hr. 

Theoretical 

The  theoretical  analysis,  at  this  stage,  relates  to  a  single  particle 
travelling  in  a  pore  described  as  a  long  circular  tube  of  mean  pore  diameter. 
Three  driving  mechanisms  are  considered:  the  hydrodynamic  drag  force  exerted 
on  the  particle  due  to  the  electroosmotic  flow  of  the  solvent  inside  the  pore, 
the  electrophoretic  force  exerted  on  the  particle  and  the  stochastic  Brownian 
force  due  to  thermal  fluctuations  of  the  solvent  molecules. 

Summary  of  Results 

In  addition  to  the  formation  of  surface  deposits,  electrophoretic 
induction  of  ceramic  particles  into  the  porous  substrate  was  demonstrated. 

It  was  found  that  solvent  properties  such  as  the  ratio  between  the 
dielectric  constant  and  the  viscosity  (e/f)  have  a  significant  effect  on 
penetration.  Thus  the  amount  of  induced  Si02  is  ten  times  larger  for  water 
{(/il  -  81)  than  for  pentanol  {(/if  -  420).  Penetration  increases  with  particle 
concentration  and  with  deposition  time.  However,  a  plateau  is  reached  for  the 
dependence  of  induced  Si02  on  deposition  time  due  to  the  build-up  of  an 
external  coating.  Thus  the  extent  of  penetration  could  be  enhanced  if  the 
external  deposit  were  constantly  removed  or  prevented.  An  optimal  field 
strength  exists  for  particle  penetration  due  to  its  dual  effect.  Increase  m 
field  strength  increases  the  particle  velocity  but  it  also  enhances  the 
build-up  of  the  external  deposit  which  blocks  penetration. 

The  theoretical  analysis  enables  to  predict  the  penetration  depth  of  a 
ceramic  particle  inside  the  porous  substrate  under  the  influence  of  the 
electric  potential  gradient.  It  also  enabled  to  derive  the  non-dimensional 
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parameters  that  affect  the  particle  notion.  It  was  thus  deduced  that  the 
parameters  which  affect  most  the  particle  penetration  are  the  Peclet  number 
(Pe)  and  the  deposition  rate  (J): 

P .  fib  _  {jr  ±jn b 

D  "  1  D  1 

j 

M  "  D 

where : 

U'  -  electrophoretic  velocity 
U“  -  electroosmotic  velocity 

b  -  pore  mean  radius 

D  -  diffusion  coefficient 

k  -  local  deposition  rate 

Large  Peclet  numbers  and  small  deposition  rates  enhance  penetration.  Thus, 
deep  penetration  (over  hundred  pore  diameters)  can  be  achieved  for  very  low 
deposition  rates  (1  <  0.1)  and  for  very  high  Peclet  numbers  (Pe  >  100). 

Deepest  penetration  is  obtained  for  1=0  which  can  be  achieved  if  a  repelling 
force  between  particles  and  pore  walls  would  exist.  Electroosmosis  increases 
the  Peclet  number  and  thus  penetration.  The  diffusion  coefficient  of  the 
particle  has  a  dual  effect:  its  decrease  increases  the  Peclet  number,  but  it 
also  increases  the  deposition  rate.  The  theoretical  analysis  also  indicates 
how  the  penetration  can  be  controlled  by  selection  of  solvent  properties, 
particle  size  and  concentration  and  electric  field  strength. 

The  electrolytic  deposition  of  Zr02  is  obtained  through  the  following 
reactions: 

a)  dissociation  of  the  zirconyl  salt: 

Zr0(N03)2  -  ZrO*4  +  2  NO,' 

b)  hydrolysis  of  the  zirconyl  ion: 

ZrO44  +  H20  -  Zr(0H)2** 

c)  interaction  of  the  hydrated  cation  with  OH'  ions  generated  at  the 
cathode  by  reduction  reactions  described  further  on: 

Zr(0H)2"  +  20H-  -  Zr(OH) < 

d)  dehydration  of  the  hydroxide: 

Zr(OH) 4  -  Zr02  +  2H20 
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Several  cathodic  reactions  are  possible;  however,  the  cathodic 
polarization  curve  indicates  that  the  reduction  of  NOj'  is  the  predominant  OH' 
producing  reaction.  The  rate  of  deposit  formation  increases  with  current 
density  the  dependence  reflecting  the  rate  of  OH"  generation.  Faradaic 
efficiencies  of  40-80*  only  were  obtained  attributable  to  reduction  reactions 
that  do  not  produce  OH*  (such  as  reduction  of  H+)  as  well  as  to  the  formation 
of  the  hydroxide  at  sites  removed  from  the  substrate.  Cell  voltage  and 
solution  temperature  increase  as  the  coating  process  progresses.  Ihis  is  due 
to  the  formation  of  the  deposit  characterized  by  a  high  electric  resistance. 

The  initial  coating  is  a  Zirconium  hydroxide  gel  with  an  amorphous 
character.  Microcracks  develop  in  the  coating  during  drying  due  to  tensile 
stresses  associated  with  non-uniform  contraction.  Firing  of  the  coating  led 
to  its  crystallization  into  fine,  equiaxed  submicron  particles  of  monoclinic 
and  tetragonal  polymorphs  of  zirconia.  Calculation  of  crystallite  sizes  by 
reflection  broadening,  indicated  them  to  be  2  nm  after  treatment  at  400°C  and 
12  nm  when  fired  at  600°C  for  1  hr.  Under  these  conditions  the  polymorphs 
were  undistinguishable.  Firing  for  1  hr  at  900°C  resulted  in  distinct 
crystallites  of  both  phases,  20-25  nm  in  size.  The  volume  fractions  were  15* 
and  85*  for  the  tetragonal  and  monoclinic  phases  respectively. 

Future  electrophoretic  studies  will  include  further  optimization  of 
penetration  by  inhibition  of  surface  deposition.  One  approach  will  be  the 
application  of  a  low  cathodic  bias  voltage  to  the  specimen. 

Following  the  derivation  of  optimal  process  conditions  for  penetration, 
experiments  with  lower  expansion  ceramics  such  as  HfTiO«  will  be  performed. 

Further  studies  on  the  electrolytic  deposition  will  concentrate  on 
prevention  of  cracking  of  the  surface  deposit  during  drying  and  study  and 
optimization  of  in-pore  deposition. 


ELECTROLYTIC  DEPOSITION  OF  ALOMINA  AND 
CODEPOSITION  OF  ALOMINA-ZIRCONIA 


L.  Gal-Or,  A.  Sharon 


Institute  of  Metals,  Technion  -  Israel  Institute 

of  Technology 


ABSTRACT 


AlaOa  and  AlaOa+ZrOa  coatings  were  deposited  on  graphite  from 
aqueous  solutions  containing  Al(NOa)a  and  Al (NOa ) a+ZrO(NOa ) a 
salts.  The  probable  mechanism  of  deposit  formation  is  based 
on  the  generation  of  OH~  by  cathodic  reduction  of  N03~  and  0a 
and  its  subsequent  reaction  with  Al"3  and  ZrOa"  to  form 
Al ( OH ) 3  and  Zr(OH)*.  Dehydration  of  the  latter  compounds 
results  in  the  formation  of  AlaOa  and  ZrOa. 

Deposition  at  constant  current  results  in  an  increase  of  cell 
voltage  due  to  ohmic  resistance  of  the  deposit.  After  an 
intial  steep  rise  -  in  the  voltage  the  slope  decreases 
significally  in  spite  of  further  increase  in  deposit  weight. 
The  latter  phenomenon  is  explained  by  local  breakdown  of  the 
deposit  creating  sites  of  reduction  which  enable  the 
deposition  to  proceed. 

The  co-deposition  of  AlaOa+ZrOa  was  demonstrated  and  it  was 
shown  that  the  ratio  of  Al/Zr  in  the  deposit  varied  with  the 
same  ratio  in  the  solution. 

Deposit  weight,  phase  content  and  morphology  as  function  of 
deposition  parameters  were  studied. 
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INTRODUCTION 

The  formation  of  ceramic  coatings  by  an  electrolytic  process 
has  been  first  demostrated  by  Switzer  for  CeOa  (1,2).  The 
deposition  of  ZrOa  from  an  aqueous  zirconyl  nitrate  solution 
was  studied  in  detail  from  the  electrochemical  (3)  and 

microstructural  aspects  <4).  A  two-step  mechanism  was 

suggested  for  the  ZrOa  formation:  generation  of  hydroxyl  (OH") 
ions  on  the  cathodic  substrate  by  reduction  of  N0a~  and 

dissolved  0a  and  the  reaction  of  the  hydroxyl  ions  with  the 

zirconyl  cation  to  form  Zr(0H)«  which  decomposes  upon  drying 
to  form  ZrOa. 

Based  on  the  above  mentioned  concept  of  oxide  formation,  the 
deposition  of  other  insoluble  oxides  and  the  co-deposition  of 
different  oxides  was  envisaged.  The  present  study  describes 
the  deposition  of  AlaOa  from  an  Al(NOa)a  solution  and  the 
co-deposition  of  AlaO,  and  ZrOa  from  a  solution  containing 
both  A1 ( NOa ) a  and  ZrO(NOa)a.  The  sequence  of  reactions  for  the 
co-deposition  is  expected  to  be  the  following: 

1)  Generation  of  OH": 

-  0a  +  2HaO  +  4e  — >  40H" 

-  N0a"  ♦  HaO  +  2e — >  N0a"  +  20H" 

2)  Dissociation  of  the  salts: 

-  Al ( N0a ) a  — >  Al  *'  +  3N0a" 

-  ZrO(NOa ) a  — >  ZrOa "  +  2N0a“  ZrOa"  +  Ha0  — >  Zr(OH)aa' 

3)  Interaction  of  hydroxyls  with  the  cations: 

Al*'  +  30H"  — >  Al < OH ) a 

Zr(OH) aa'  ♦  20H"  — >  Zr (OH ) * 
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4)  Dehydration  of  the  hydroxides: 

2A1(0H),  — >  AlaO*  ♦  3Ha0 

Zr (OH) «  — >  Zr03  ♦  2HaO 

The  hydroxides  form  thus  in  two  successive  steps: 

electrochemical  generation  of  OH~  and  a  chemical  reaction 
between  the  cations  and  the  hydroxyls.  A  schematic 
description  of  the  co-deposition  is  given  in  Fig.  1. 

The  yield  of  the  deposit  depends  on  the  faradeic  efficiency  of 
OH"  formation  (affected  by  reduction  reactions  that  do  not 
result  in  OH"  formation  such  as  H'  +  e  — >  H  H  *  H  — >  Ha  and 
the  fraction  of  hydroxide  formed  at  sites  removed  from  the 
substrate.  The  latter  parameter  depends  on  the  relative 
diffusion  coefficients  of  0H“  on  one  hand  and  that  of  Al3-  and 
Zr(OH)aa*  on  the  other.  The  ratio  of  AlaO*  and  ZrOa  in  the 
deposit  will  depend  on  the  relative  diffusion  coefficients  of 
Al*~  and  Zr<OH>aa-  cations  which  compete  for  the  OH-  ions 
generated  at  the  cathode,  and  the  solubility  constants  <K„„) 
of  the  two  hydroxides  formed.  A  quantitative  analysis  of  the 
kinetics  of  deposit  formation  and  its  composition  will  have  to 
take  into  account  all  these  factors  assuming  that  the 
diffusion  phenomena  are  the  rate  determing  steps  in  the 
hydroxide  formation.  The  present  paper  describes  the  effect 
of  electrochemical  deposition  parameters  on  the  rate, 
morphology  and  composition  of  the  AlaOa  and  Ala  0*  +  ZrOa 
deposits. 

EXPERIMENTAL 


Deposits  were  obtained  on  graphite  specimens  (OCAR45)  2  x  10  x 
20  mm.  They  were  polished  with  a  1000  grit  SiC  abrasive 
paper,  then  rinsed  with  ethanol  in  an  ultrasonic  bath,  washed 
with  distilled  water  and  dried  in  air.  Electrolytes  were: 

0.02M  -  0.2M  Al(NO*)3  with  and  without 

0.01M  -  0.05M  ZrO( NOa ) a 


4 


Deposition  was  carried  out  at  constant  current  with  a  Horizon 
Model  SR-365  d.c.  power  supply.  Two  counter  anodes  made  of  Pt 
14  x  28  mm  were  used.  Cell  voltages  and  currents  were 
measured  with  AVO  meters.  A  schematic  drawing  of  the 
experimental  set-up  is  seen  in  Fig.  2.  Current  densities  were 
varied  in  the  range  of  15-60  raA/cma  and  deposition  times  were 
in  the  range  of  20  sec  -  40  min.  Mild  stirring  was  applied 
with  a  magnetic  stirrer  during  deposition.  Polarization 

curves  were  obtained  with  a  PAR  Model  270  potentiostat . 
Deposits  were  dried  in  air  and  their  weight  determined  within 
an  accuracy  of  0.05  mg.  Some  deposits  were  heat  treated  at 
1200*C  for  1  hr  in  argon.  Morphology  and  microanalysis  were 
studied  with  a  JEOL  SEM  Model  JSM  840.  X-ray  diffraction  was 
performed  with  a  diffractometer  Model  PW-1730  operated  at  40 
KV  and  40  mA  using  Cu  k-alpha  radiation  and  scanning  speed  of 
1.2  deg/rain. 


RESULTS  AND  DISCUSSION 

Cathodic  polarization  curves  in  an  A1(N03)3  solution  and  in  a 
solution  of  Al(N03)3  and  Zr0(N03)a  are  given  in  Fig.  3a, b.  In 
both  curves  a  Tafel  region  is  seen  (down  to  -800  mV  SCE  in  the 
first  and  -1000  mv  SCE  in  the  second  solution  respectively). 
A  limiting  current  of  S1Q  mA/cma  is  seen  in  both  curves 
setting  in  at  the  same  potential  of  -2000  mV  SCE.  The 
similarity  in  the  two  curves  is  a  result  of  the  same  cathodic 
reaction  taking  place  in  both  systems  with  the  limiting 
current  being  determined  by  the  hydroxide  deposit  rather  than 
by  the  concentration  of  the  N03“  which  is  higher  in  the 
combined  solution. 

Fig.  4  presents  the  variation  in  cell  voltage  with  deposition 
time  for  two  current  densities.  At  the  higher  c.d.  (25  mA/cm! ) 
the  voltage  increases  steeply  for  the  first  3.5  min  as  a 
result  of  the  build-up  of  the  hydroxide  deposit  and  then 
levels  off.  Yet,  as  seen  in  Fig.  5  for  the  same  c.d.,  the 
weight  of  the  deposit  continues  to  rise  slowly  after  3.5  min. 
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The  ceil  voltage  stability  is  explained  by  the  formation  of 
local  breakdowns  in  the  film  creating  sites  of  reduction  which 
enable  the  deposition  process  to  continue  without  further 
significant  increase  in  the  cell  voltage.  The  slope  of  the 
deposition  curve  is  very  high  for  the  first  20  secs  (=0.3 
mg/cmJ /lOsec >  and  then  slows  down  to  about  1/10  of  that.  The 
change  in  deposits  rate  is  explained  by  the  fact  that  at  the 
beginning  the  whole  susbstrate  is  conductive  and  the  OH“  ions 
form  on  the  entire  surface.  As  the  nonconductive  deposit 
covers  the  substrate  its  further  build-up  depends  on  the 
availability  of  reduction  sites  created  by  the  deposit 
breakdown.  The  behaviour  of  the  voltage/ time  curve  at  the 
lower  c.d.  (20  mA/cm* )  is  different,  a  monotonic  increase  in 
voltage  takes  place  for  the  entire  time  interval  (1C  ram). 
The  morphology  of  the  AlaOa  as-deposited,  is  seen  in  Figs.  6a 
&  b  .  A  relatively  close-packed  deposit  consisting  of 
individual  clusters  is  seen  in  Fig.  6a.  A  very  dense 
structure  of  the  individual  clusters  is  seen  in  Fig.  6b.  Two 
kinds  of  defects  are  also  seen:  microcracks  that  formed  during 
the  drying  stage  due  to  non-uniform  contraction  of  the  wet 
coating  and  bubbles  attributed  to  Ha  formation  as  a  result  of 
H"  reduction.  In  preliminary  studies  (to  be  published  later) 
with  the  aim  of  controlling  the  drying  rate  it  was  shown  that 
the  density  of  cracks  can  be  reduced  significantly  when  the 
drying  rate  is  lowered. 

An  attempt  to  overcome  the  formation  of  defects  and  yet  to 
obtain  a  thick  deposit  was  made  by  the  use  of  a  pulsed 
current.  Pulses  of  2  min  duration  at  25  cA/cmJ  were  applied 
with  intermissions  of  5  sec  (see  Fig.  7).  A  relatively  smooth 
increase  in  voltage  up  to  a  much  higher  voltage  than  that 
reached  when  applying  a  continuous  current  (25V  vs.  *8V)  was 
obtained.  Accordingly,  the  deposit  was  thicker  and  smoother. 
This  effect  can  be  explained  by  the  possibility  of  creation  of 
new  nucleation  sites  for  deposit  formation  during  the  current 
intermission. 

X-ray  diffraction  patterns  of  dry  as-deposited  coatings  and 
deposits  fired  at  1200*C  for  1  hr,  according  to  the 
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recommendation  of  (5),  are  seen  in  Fig.  8.  The  as-deposited 
(dried  in  air)  coating  does  not  show  any  diffraction  pattern 
except  -that  of  the  graphite. 

Crystallization  of  the  deposit  takes  place  during  the  heat 
treatment  with  the  formation  of  a  aAla03.  The  crystallite 
size,  as  calculated  with  the  Scherrer  equation  (6)  from  the 
line  broadening  of  the  110  reflection,  assuming  no  strain 
effects  exist  due  to  the  substrate,  was  found  to  be  about 
lCnm. 

Deposition  from  solutions  containing  both  Al(NOa)3  and 
ZrO(N03)a  was  carried  out  at  two  c.d.  (30  and  60  mA/cra!  at 
14*C.  The  dependence  of  cell  voltage  on  deposition  time  is 
seen  in  Fig.  9.  A  more  gradual  rise  in  the  voltage  takes 
place  in  spite  of  the  higher  c.d.s  when  compared  with  the 
deposition  of  Ala03  only  (see  Fig,.  4).  A  possible 
explanation  is  the  difference  in  deposit  properties  as  a 
result  of  the  presence  of  Zr(OH).*.  From  our  previous  work  (3) 
it  can  be  inferred  that  the  voltage  reached  prior  to  breakdown 
onset  is  much  higher  for  Zr(OH).*,  at  the  same  c.d.  and  so  is 
the  deposit  weight  per  unit  area.  The  Al(OH)3  forms  probably 
a  denser  film  at  lower  thicknesses  and  thus  is  modified  when 
Zr(OH),*  is  codeposited. 

The  phase  structure  of  a  combined  deposit  was  studied  after 
forming  at  1200*C  for  1  hr.  The  x-ray  diffraction  spectrum 
shows  the  presence  of  two  phases:  tetragonal  ZrOa  and  oAla03 
(Fig.  10).  The  morphology  of  the  deposit  and  microanalysis 
were  studied  in  the  SEM  by  x-ray  imaging  of  Al  and  Zr  and 
local  elemental  semiquantitative  analyses.  Fig.  11-12  shows 
the  x-ray  image  of  Al  and  Zr  in  a  combined  deposit  along  with 
the  spectrum  and  semiquantitative  results  of  the  Al  and  Zr 
content. 

The  relative  concentration  of  the  Al3""  and  ZrOa”  ions  in  the 
solution  is  expected  to  affect  the  deposit  composition.  The 
latter  was  therefore  studied  (in  terms  of  Al/Zr  atomic  ratios 
as  function  of  the  same  ratio  in  the  solution).  Fig.  12  shows 
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this  dependence.  It  is  seen  that  the  relative  Al 
concentrations  in  the  deposit  is  much  higher  than  in  the 
solution,  hence  the  Al(OH)a  is  preferentially  deposited.  This 
can  be  explained  by  the  differences  in  diffusion  coefficients 
of  the  two  ions  Al3"'  and  ZrOa+with  the  Al*3  having  a  higher 
diffusion  rate  and,  therefore,  being  more  available  for  the 
hydroxide  formation. 
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Deep  Electrophoretic  Penetration  and  Deposition  of  Ceramic 
Particles  Inside  Impermeable  Porous  Substrates. 


l^ABSIRACI 

The  electrophoretic  penetration  of  colloidal  ceramic  particles  into  an  impermeable 
porous  graphite  substrate  is  investigated  The  substrate  is  immersed  in  a  suspension 
containing  the  particles  and  positioned  between  two  electrodes.  An  electric  potential 
gradient  between  the  electrodes  is  used  to  drive  the  ceramic  particles  into  the  pores  which 
are  closed  at  the  far  end  not  allowing  fluid  permeation .  Three  driving  mechanisms  are 
identified:  the  hydrodynamic  drag  force  exerted  on  the  particles  due  to  the  electroosmotic 
flow  of  the  solvent  inside  the  pores,  the  electrophoretic  force  exerted  on  the  particles  and 
the  stochastic  Brownian  force  due  to  thermal  fluctuations  of  the  solvent  molecules.  V^hile 
subjected  to  these  forces,  the  particles  may  reach  the  walls  of  the  pore  and  the  short  range 
van  der  Waals  forces  may  cause  their  capturing  and  deposition  onto  the  walls. 

The  objectives  of  this  paper  are:  a)  to  predict  the  penetration  depth  of  a  single 
ceramic  particle  moving  inside  an  impermeable  porous  substrate  under  the  effect  of  an 
electric  potential  gradient,  b)  to  derive  the  non-dimensional  parameters  characterizing  the 
motion  of  the  ceramic  particles, and  c)  to  gain  a  physical  insight  on  the  various  mechanisms 
governing  penetration. 

Qualitatively,  the  results  are  that  penetration  depths  are  governed  by  a  favorable  (if 
large)  Peclet  number  and  unfavorable  (if  large)  Damkohler  number.  However,  the  closed 
pore  structure  of  the  substrate  causes  diminished  particle  penetration  if  compared  with  an 
open  pore  structure,  due  to  a  less  effective  electroosmotic  flow.  Quantitative  results  for  the 
mean  penetration  depths  and  the  dispersion  about  the  mean  are  also  provided. 
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2.  BACKGROUND 

Deep  penetration  and  deposition  of  inert  species  over  the  interstitial  surfaces  of  a 
volatile  porous  substrate  has  been  a  major  concern  of  the  aero-space  industry.  Extremely 
strong,  light  and  sometimes  porous  composites  (such  as  carbon-carbon)  may  undergo 
undesired  processes  if  exposed  to  a  high  temperature  oxidizing  environment.  Chemical 
Vapor  Deposition  (CVD)  of  inert  materials  (such  as  Silica,  Silicon-Carbide  etc.)  onto  the 
walls  of  the  pores,  have  been  suggested  in  the  past  to  protect  the  composites  from 
oxidation.  Alas,  CVD  has  proven  to  be  extremely  slow  and  only  shallow  penetration  has 
been  detected.  A  rather  new  method  to  protect  porous  substrates  by  electrophoresis  is 
studied  and  described  in  detail  in  our  previous  papers  (1-2).  In  essence,  an  electric  potential 
gradient  is  used  to  drive  colloidal  particles  deep  into  the  voids  of  the  porous  substrate.The 
analytical  approach  described  in  (2)  considered  an  open  porous  structure.  In  this  paper  we 
focus  our  attention  on  the  case  where  the  substrate  possesses  small  pores  which  are  closed 
at  one  end  and  are  impermeable  to  fluids.The  purpose  of  this  paper  is:  a)  to  suggest  a 
theory  and  a  mathematical  model  by  which  Deep  Electrophoretic  Deposition,  can  be 
analyzed  and  the  non-dimensional  parameters  governing  the  process  be  obtained,  and  b)  to 
predict  the  mean  penetration  depths  and  the  dispersion  of  panicles  about  the  mean  for  the 
given  set  of  parameters  and  structure  of  the  porous  substrate. 

The  motion  of  a  single  particle  under  the  effect  of  electrophoretic  forces  has  first 
been  addressed  by  Smoiuchowski  (1918)  and  subsequently  by  many  others  (3-15). 
Smoluchowski  predicted  that  a  rigid  spherical  particle  possessing  an  electric  double  layer 
and  embedded  in  an  unbounded  flow  field  would  be  forced  to  move  if  subjected  to  an 
electrical  potential  gradient.  The  mobility  of  the  particle  depends  linearly  upon  the  dielectric 
constant  of  the  fluid,  the  potential  gradient,  the  zeta  potential  of  the  particle  and  is  inversely 
proportional  to  the  fluid  viscosity.  Wall  effects  were  accounted  for  by  Morrison  &  Stukel 
(1970)  and  Ken  &  Anderson  (1985)  for  the  case  of  a  particle  travelling  in  close  proximity 
to  the  containing  boundaries  of  the  flow  field.  Keh  &  Anderson  (1985)  have  shown  that  (if 
electroosmosis  is  disregarded)  the  particle  would  experience  an  increasing  drag  force  and 
reduced  mobility.  It  was  also  shown,  that  due  to  the  electric  field,  the  insulating  rigid  walls 
would  induce  an  electroosmotic  flow,  its  direction  depending  on  the  sign  of  the  wall  zeta 
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potential.  For  an  open  permeable  structure  the  electroosmotic  flow  possesses  a  uniform 
velocity  profile  and  a  neutral  particle  immersed  in  the  fluid  would  be  dragged  by  the 
electroosmotic  flow  and  move  with  almost  identical  velocity.  However,  for  an  impermeable 
structure  though  the  induced  electroosmotic  flow  still  exists  it  is  non  uniform  since  a  net 
zero  mass  flow  must  be  observed  inside  the  pores. (figure  1)  Thus,  the  colloidal  particle 
would  be  dragged  by  the  electroosmotic  flow  and  its  motion  determined  by  the  local 
electroosmotic  velocity.  In  case  the  particle  is  also  subjected  to  an  electrophoretic  force,  the 
particie  would  move  locally  with  the  combined  electrophoretic  and  electroosmotic 
velocities.  Superimposition  is  allowed  due  to  the  linearity  of  the  governing  low  Reynolds 
number  flow  field  equations.  In  addition,  a  sub-micron  particle  would  experience  an  erratic 
Brownian  motion  due  to  the  thermal  fluctuations  of  the  fluid  molecules.  Consequently, 
deterministic  evaluation  of  the  particle  path  under  the  combined  effects  of  electroosmosis, 
electrophoresis  and  Brownian  motion  is  invalid  and  a  stochastic  approach  must  be  adopted 
(2). 


The  fluid  motion  inside  a  porous  substrate  under  the  effect  of  a  pressure  gradient 
(known  as  Darcy’s  law)  has  been  addressed  by  many  investigators.  To  devise  the  micro- 
pattern  of  the  flow  field,  unit  cell  models  (19-21)  as  well  as  more  advanced  finite  elements 
approaches  for  spatially  periodic  structures  (22-27)  were  applied.  An  equivalent  treatment 
was  proposed  for  the  case  of  electroosmotic  flow  through  an  open  porous  structure  (2), 
namely,  the  flow  generated  under  the  effect  of  an  electric  potential  gradient.  Since,  a 
particle  would  be  dragged  by  this  interstitial  electroosmotic  flow,  its  evaluation  is  of 
foremost  significance  if  one  desires  to  calculate  mean  penetration  depths  of  the  ceramic 
particles.  A  general  approach  in  which  we  modify  Darcy's  law  so  that  it  would  incorporate 
electroosmotic  effects  is  addressed  in  a  separate  paper  (Haber  (1990)).  However,  for  the 
case  of  closed  pores  no  similar  treatment  exists  and  a  simple  model  is  suggested  in  the 
following  chapter. 

The  second  effect  to  be  accounted  for  is  the  direct  electrophoretic  force  exerted  on  a 
particle  travelling  inside  the  small  pores.  Numerous  treatments  exist  for  the  motion  of  a 
small  rigid  particle  at  low  Reynolds  numbers,  wall  effects  excluded  (29)  and  included  (29- 
32).  The  fine  structure  of  a  porous  substrate  enveloping  a  particle  was  treated  in  various 
ways,  for  instance,  a  spherical  particle  travelling  along  an  infinitely  long  cylinder  of  circular 
cross-section,  a  spherical  particle  embedded  in  a  flow  field  which  is  bounded  by  a 
spherical  envelope  with  pre-assumed  free  surface  (or  free  vorticity)  boundary  conditions, 
and  a  small  spherical  particle  moving  inside  a  spatially-periodic  lattice  of  pre-arranged  large 
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spherical  particles.  Notwithstanding,  all  of  the  previous  models  assumed  no-slip  boundary 
conditions  over  the  particle  surface,  whereas  the  electrophoretic  force  is  applied  via  a 
unique  slip  boundary  condition.  Thus,  the  known  approaches  must  be  rectified 
accordingly. 

The  third  effect,  the  random  Brownian  force  due  to  the  thermal  fluctuations  of  the 
fluid,  was  treated  by  two  different  methods  in  the  past  The  first  method  applies  a 
Lagrangian  viewpoint  of  the  problem  utilizing  Langevin's  equation  to  evaluate  mean 
particle  velocity  and  dispersion  (33,34).  The  second  method  applies  an  Eulerian  approach 
where  a  Fokker-Planck  equation  is  formulated  and  a  moment  method  developed  by  Taylor- 
Aris  is  utilized  to  derive  the  pertinent  means  (35-37).  Generally,  it  is  accepted  (and  for 
linear  cases  can  be  proven  (18))  that  these  methods  would  yield  identical  results  and  the 
choice  between  the  methods  is  a  matter  of  convenience. 

In  the  next  chapter  we  shall  address  the  three  foregoing  mechanisms  where  we 
provide:  a)  a  solution  for  the  electroosmotic  flow  inside  a  long  circular  tube  closed  at  the  far 
end  and  a  similar  solution  for  a  simpler  2D  flow  between  two  semi-infinite  plates  (a  model 
simulating  the  electroosmotic  flow  in  an  impermeable  porous  structure),  and  b)  a  model 
for  the  stochastic  behavior  of  the  Brownian  panicle  under  the  combined  effect  of 
electroosmosis  and  electrophoresis  utilizing  Fokker-Planck's  equation. 


3,  METHOD  QF  SOLUTION 


3a.Electroosmosis  in  Impermeable  Porous  Media 

The  flow  through  porous  media  generated  by  an  electric  potential  gradient  was 
analytically  investigated  by  Kozak  &Davis  (1986,1989)  using  a  unit  cell  model  and  by 
Haber  (1990)  using  a  simple  approach  based  on  the  known  solution  of  the  flow  field 
through  a  long  open  circular  tube  (in  close  similarity  to  one  of  the  approaches  used  to 
analytically  prove  Darcy's  law).  Similar  approaches  for  pressure  driven  flows  were  used  to 
determine  filtration  efficiencies  in  porous  substrates  (39). 

Tacitly,  a  permeable  interconnected  pore  structure  was  assumed  to  exist  in  all  the 
aforementioned  treatise.  In  case  the  pores  are  not  interconnected,  no  flow  can  penetrate  the 
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porous  structure  and  the  net  flow  through  it  must  be  zero.  Notwithstanding,  microscopic 
flow  can  still  exist  inside  the  pores  located  close  to  the  external  boundaries  of  a  substrate 
subjected  to  an  external  electric  potential  gradient  Normally,  this  flow  is  of  no  particular 
interest  and  can  be  totally  ignored  if  macroscopic  processes  are  investigated.  However,  if  a 
coating  of  thickness  very  small  compared  with  the  substrate  thickness  is  considered  such 
flow  is  of  utmost  importance  and  may  determine  the  penetration  depth  of  the  coating. 
Consequently,  the  first  goal  would  be  to  determine  this  electroosmotic  flow  which  is 
developed  close  to  the  boundaries  of  the  substrate. 

We  proceed  in  a  manner  similar  to  the  one  we  used  in  (2)  and  utilize  a  single  long 
cylindrical  tube  to  model  the  pore  structure,  only  here  the  cylinder  is  closed  at  its  far  end. 

The  governing  field  equations  for  the  flow  through  a  tube  induced  by  an  electric 
potential  gradient  are  based  on  Stokes'  equations  for  low  Reynolds  number  flows,  i.e. 

tjV2v  =  Vp  V- v  =  0  [1] 


where  v  and  p  are  the  velocity  and  pressure  fields  and  q  stands  for  the  viscosity  of  the 
fluid. 

The  boundary  conditions  which  the  velocity  field  satisfies  over  the  cylinder  walls 
are  (17): 


v 

47T7J  dz 


vr  =  0  @  r  =  b 


[2] 


where  e  is  the  dielectric  constant  of  the  fluid,  is  the  zeta  potential  at  the  cylinder  wall,  <p 
stands  for  the  electric  potential,  b  is  the  radius  of  the  tube  and  ( r,z )  are  polar  coordinates, 
the  z  coordinate  coinciding  with  the  cylinder  axis.  It  should  be  noted  that  the  no-slip 
condition  can  no  longer  be  applied  and  in  its  place  we  use  condition  [2] . 

The  general  solution  for  v  is  easily  derived  for  a  fully  developed  flow  (i.e. 
dv^dz=0.)  namely, 

v  _  b2-r2  dp  e£w  dtp 

1  4 T}  dz  470}  dz 


[3] 
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whcre  the  constant  pressure  gradient  is  yet  to  be  determined.  The  auxiliary  condition  which 
must  be  used  is  that  the  net  mass  flow  through  the  pore  must  vanish,  i.e. 

k 

2  zj  v/dr  ~  0  [4] 

o 


Combining  [3]  and  [4]  determines  the  pressure  gradient  and  yields  the  final  form  of  the 
velocity  field. 


eL  d<p  r 
Am]  dz '  b2 


[5] 


Equation  [5]  represents  a  valid  solution  for  a  region  not  too  close  to  the  entrance  of  the  pore 
or  its  dead  end. 

Similarly,  it  is  easy  to  show  that  for  a  2D  case,  where  a  pore  is  simulated  by  two 
flat  plates  2b  distant  apart  and  closed  at  the  far  end,  the  velocity  field  is  given  by 


v,= 


gsJLnt 

8  TO]  dz  b 2 


-1) 


[6] 


We  shall  use  equation  [6]  rather  thar.  [5]  in  the  following  analysis  due  to  the  simpler 
mathematical  handling  of  a  2D  problem.  We  believe,  however,  that  valid  qualitative  and 
quantitative  predictions  will  be  obtained  for  penetration  depths  of  colloidal  particles.in  an 
impermeable  parous  substrate.  The  full  3D  problem  based  on  equation  [5]  will  be  analyzed 
in  the  future  and  compared  with  the  results  provided  in  this  paper. 

We  shall  also  henceforth  assume  that  the  velocity  U'  of  a  neutral  particle  suspended 
in  the  fluid  depends  upon  its  distance  from  the  walls  and  equals  the  fluid  velocity  given  by 
[6].  Thus,  its  z-component  is  . 

1 


m 
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wherc 

j,  eC,  <?<?> 

“  4ot7  [8] 

Thus,  a  particle  located  at  close  proximity  to  the  walls  will  be  carried  deeper  into 
the  pore  due  to  electroosmosis  while  a  particle  located  closer  to  the  center  will  be  retarded. 
This  fact  is  the  basic  difference  between  this  case  and  the  case  presented  in  (2)  where  the 
velocity  field  inside  the  pore  due  to  electroosmosis  has  been  shown  to  be  uniform. 


3b.  Electrophoretic  Motion  of  a  Particle 


The  electrophoretic  velocity  U"  of  a  small  rigid  spherical  particle  suspended  in  an 
unbounded  flow  field  of  viscosity  7]  and  subjected  to  an  external  electric  potential  gradient 
E--V0  was  first  obtained  by  Smoluchowski, 


U"=  — 


[9] 


where  Cp  is  the  zeta  potential  over  the  particle  interface.  Its  z-component  is  given  by 


4 70]  dz 


[10] 


The  basic  assumptions  made  to  derive  [9]  are  that  the  Debye  screening  length  is  much 
smaller  than  the  particle  dimension  and  that  the  particle  translates  in  an  unbounded  flow 
field. 


If  the  particle  translates  at  close  proximity  to  a  rigid  surface,  wall  effects  must  be 
accounted  for  (e.g.  Keh  and  Anderson(1985)).  Notwithstanding,  for  particle  dimensions 
which  are  more  than  ten  times  smaller  than  its  distance  to  the  wall,  Smoluchowski's 
equation  is  an  excellent  approximation  (given  that  no  electroosmodc  flow  exists). 

It  is  a  well  known  result  from  the  theory  of  low  Reynolds  number  flows  (40,41) 
that  a  particle  approaching  a  rigid  wall  (subjected,  for  instance,  to  gravity  forces)  will 
experience  a  growing  hydrodynamic  resistance  which  at  the  limit  of  zero  gap  increases  to 
infinity.  However,  the  condition  of  slip  velocity  over  the  particle  boundaries  will  cause  that 
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resistance  to  grow  in  a  slower  manner  up  dll  a  gap  of  the  order  of  the  Debye  screening 
length.  An  exact  treatment  of  this  hydrodynamicaliy  singular  behavior  awaits  exploration. 
However,  over  these  very  small  distances  one  has  to  consider  other  surface  (e.g.  London- 
van  der  Waals)  forces  which  eventually  lead  to  the  attraction  of  the  particle  to  the  walls. 
Thus,  it  seems  reasonable  to  assume  that  Smoluchowski’s  equation  can  be  used  as  a  first 
order  approximation  for  the  mobility  of  a  particle  over  the  entire  range  of  particle  radius  to 
wall-gap  ratios. 

Henceforth,  we  shall  assume  that  equation  [10]  is  applicable  for  the  case  of  a  single 
rigid  particle  immersed  in  a  fluid  of  viscosity  rj  and  bounded  by  the  walls  of  a  long  pore 
its  axis  pointing  in  the  z-direction 


3c  The  Probability  Distribution  for  Particle  Penetration  Depths 


3c.  1  Statement  of  The  Problem 

Small  sub-micron  particles  travelling  inside  the  pores  of  a  porous  substrate  are 
strongly  affected  by  the  thermal  fluctuations  of  the  fluid  molecules  and  experience 
Brownian  motion.  This  stochastic  motion  must  be  superimposed  to  the  deterministic 
electrophoretic  motion  and  electroosmotic  induced  velocity  which  are  primarily  parallel  to 
the  direction  of  the  pore  axis.  The  Brownian  motion  causes  the  particle  to  cross  streamlines 
and  sample  all  possible  transverse  positions  which  leads  to  the  phenomenon  known  as 
Taylor  dispersion. 

Tracing  down  exactly  the  trajectory  of  a  particle  is  therefore  of  no  consequence. 
What  we  seek  is  the  probability  distribution  that  a  particle  entering  the  porous  substrate 
would  reach  a  given  depth  and  not  be  deposited  on  the  walls  during  its  erratic  motion  inside 
the  pores.  In  addition,  the  very  complex  and  random  structure  of  the  porous  substrate 
makes  it  impossible  to  obtain  more  than  a  formal  representation  of  the  equations  and 
boundary  conditions.  The  mathematical  formulation  must  hinge  on  a  simplified  geometrical 
model  for  the  porous  structure  which  would  be  amenable  to  mathematical  analysis.  One  of 
the  very  common  approaches  is  to  treat  a  single  pore  as  a  long  circular  tube  of  mean  pore 
diameter  its  axis  colinear  with  the  local  superficial  velocity  direction.  Such  a  model  is 
handicapped  by  the  fact  that  no  pronounced  lateral  dispersion  of  the  particles  across  the 
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porous  substrate  is  allowed.  However,  since  only  the  mean  longitudinal  particle  motion  is 
sought  such  a  model  is  expected  to  provide  valid  results  on  the  main  parameters  affecting 
penetration  depths.  The  fact  that  the  pores  are  not  interconnected  but  still  of  considerable 
length  compared  with  their  diameter  allows  us  to  treat  the  motion  of  the  particle  as 
unaffected  directly  by  the  presence  of  the  dead  end  (although  the  existence  of  a  closed  end 
affects  the  electroosmotic  velocity  which  in  turn  affects  the  motion  of  the  panicle).  Figure  1 
describes  the  basic  geometrical  and  kinematical  parameters  applicable  to  the  problem. 


where 
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Jt  =  Up-D,V,p,  J  j--D,V  yp, 

D,  =  kTM,  Dy  =  kTMy  [12] 

U  =  U'(y,r)+U"(r) 

Here  p(y,z,t  /  y0,0)  stands  for  the  conditional  probability  that  a  particle  initially 
located  at  (y0,0)  reaches  the  infinitesimal  volume  around  (y,z)  after  time  t.  The  cartesian 
coordinate  system  (y,z)  coincides  with  the  pore  midplane  where  y  stands  for  the  lateral 
distance  from  the  pore  midplane  and  z  is  the  distance  measured  along  the  pore  from  the 
pore  entrance.  The  symbol  U  stands  for  the  deterministic  part  of  the  velocity  of  the  particle, 
composed  of  its  electrophoretic  velocity  and  the  electroosmotic  velocity  of  the  suspending 
field.  It  must  be  stressed  that  the  interstitial  flow  due  electroosmosis  U'  docs  not  possess 
the  commonly  agreed  upon  parabolic  (Poiseuille)  form.of  velocity  vanishing  at  the  walls  It 
is  very  well  approximated  by  the  parabolic  distribution  shown  in  Figure  1  (equation  [6])  for 
pore  diameters  larger  than  Debye's  screening  length  (a  condition  normally  met).  Thus,  U  is 
a  varying  function  with  respect  to  the  spatial  coordinates.  The  flux  Jz  parallel  to  the  axis  of 
the  pore  depend  on  particle  convection  and  diffusion  along  the  pore  axis,  whereas  the 
flux  Jy  arise  from  diffusion  only.  The  diffusion  coefficients  Dz  and  Dy  the  first  one 
parallel  and  the  latter  perpendicular  to  the  pore  axis,  depend  on  the  absolute  temperature  T 
of  the  liquid  and  the  respective  particle  mobilities  Mz  and  My.  This  generalized  Stokes- 
Einstein  relationship  provided  in  [12]  accounts  for  wall  effects  through  the  anisotropic 
form  of  the  mobility  ten:or  From  the  physical  point  of  view,  it  is  obvious  that  the  particle 
would  experience  unequal  hydrodynamic  resistance  to  its  motion  perpendicular  and  parallel 
to  the  pore  axis.  The  mobility  tensor  components  were  approximately  evaluated  in  Happel 
and  Brenner  (1973).  It  is  shown  that,  for  particles  of  radius  a  small  compared  with  their 
distance  to  the  wall,  the  mobilities  Mz  and  My  are  approximately  equal  and  possess  the 
following  form, 

M,  -  My  =  1/(67070)  .  [13] 

The  boundary  conditions  which  the  probability  distribution  p  satisfies  over  the  pore 
walls  are  first  order  diffusion-reaction  rate  equations , 
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dy 


@  y  =  ±b 


[14] 


where  k  is  the  local  deposition  rate  and  b  stands  for  the  pore  mean  radius. 

The  left  hand  side  of  [14]  represents  the  diffusional  flux  of  probability  towards 
the  pore  walls  whereas  the  right  hand  side  represents  the  probability  that  a  particle  located  at 
close  proximity  to  the  walls  would  indeed  be  deposited.  The  numerical  value  of  K  depends 
on  particle  shape  and  dimension,  electrostatic  and  hydrodynamic  forces  and  the  physical 
properties  of  the  materials  comprising  the  panicles,  the  porous  substrate  and  the 
suspending  liquid.  Indeed,  it  is  extremely  difficult  to  obtain  k  from  first  principles.  A 
feasible  method  to  attain  this  end  would  be  to  devise  an  experiment  in  which  one  would 
utilize  the  given  materials  of  the  ceramic  particles,  porous  substrate  and  liquid. 

As  for  the  downstream  boundary  condition,  we  assume  that  very  far  from  the 
entrance  p  vanishes.This  is  in  agreement  with  the  assumption  of  very  long  pores  or,  in 
other  words,  that  the  particle  is  deposited  on  the  wails  long  before  it  reaches  the  far  end.  A- 
posreiorily,  the  solution  would  be  used  to  formulate  a  condition  for  which  this  assumption 
can  be  justified.  In  addition,  we  would  assume  that  the  integral  of  p  over  the  walls  and  the 
bulk  of  the  fluid  is  unity  for  all  times  (this  corresponds  to  assuming  that  a  panicle  once  it 
entered  the  pore  is  not  allowed  to  escape  or  an  upstream  boundary  condition  of  zero  net 
flux).  This  last  assumption  can  be  justified  if  one  recalls  that  the  longitudinal  dispersion  is 
very  small  for  the  very  short  times  the  particle  stays  close  to  the  entrance.  In  other  words, 
the  Brownian  migration,  which  might  cause  the  escape  of  the  particle,  is  negligibly  small 
compared  with  the  longitudinal  distances  the  particle  travels  due  to  convection  for  the  shon 
time  it  stays  close  to  the  entrance.  Moreover,  since  the  distribution  function  of  p  is  very 
sharply  peaked  at  the  beginning  of  the  process  and  then  travels  downstream,  p  itself  can  be 
assumed  to  approximately  vanish  at  the  entrance  position. 


3c.2  Analytical  Solution  and  Results 

It  is  very  useful  to  state  the  non-dimensional  parameters  and  time  scales  of  the 
problem  before  we  attempt  to  obtain  an  analytical  or  numerical  solution  of  [1 1].  It  is  easy  to 
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show  that  the  pertinent  time  scale  within  which  steady  electroosmotic  flow  can  be 
established  is. 


where  Uw  is  the  velocity  adjacent  to  the  walls  and  c  is  the  length  of  the  pore.  This  time 
scale  would  also  provide  a  measure  for  the  time  it  would  take  a  particle  adjacent  to  the  walls 
to  reach  the  far  end  of  the  pore  due  to  electroosmosis. 

Similarly,  it  can  be  shown  from  [1 1],  [12]  and  [14j  that  additional  three  time  scales 
exist  for  the  penetration  process  of  Brownian  ceramic  particles  into  the  porous  substrate. 
The  first  onerp  is  linked  with  the  electrophoretic  convective  term  of  the  Fokker-Planck 
equation. 


which  determines  the  time  it  would  take  a  particle  to  reach  the  end  of  the  pore  due  to 
electrophoretic  forces. 

The  second  time  scale  is  related  to  the  diffusive  process,  namely,  the  time  it  takes  a 
Brownian  particle  to  cross  streamlines  and  sample  all  radial  positions  inside  the  tube. 


£ 

D 


[17] 


The  third  time  scale  is  obtained  from  boundary  condition  [12]  and  determines  the 
deposition  rate,  namely, 

b 


[18] 
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If  we  assume  that  the  Brownian  particles  were  introduced  into  the  solution  after 
electroosmotic  steady  state  flow  has  been  established,  (U  is  time  independent)  non- 
dimensionalization  of  the  Fokker-Planck  equation  and  the  associated  boundary  conditions 
result  in  three  non-dimensional  parameters  which  determine  the  solution  completely.  The 
first  parameter  can  be  identified  as  the  Peclet  number  of  the  problem, 

Pe  =  UA  [19] 

D 


which  determines  the  relative  significance  of  the  convective  electroosmotic  process  vis-a- 
vis  the  diffusive  process.  Recall  that  Uw  is  defined  here  as  the  electroosmotic  velocity 
adjacent  to  the  walls. 


The  second  non-dimensional  parameter  is  the  Damkohler  number  which  determines 
the  ratio  between  the  diffusion  and  the  deposition  time  scales,  namely, 


X 


[20] 


Thus,  large  values  of  X  mean  that  the  deposition  of  particles  on  the  walls  is 
governed  mainly  by  diffusion,  whereas  small  values  of  X  mean  that  deposition  is 
controlled  by  the  local  deposition  rate. 


The  third  non-dimensional  parameter  is  the  ratio  between  the  electrophoretic  and  the 
electroosmotic  velocities  which  also  equals  the  ratio  between  the  zeta  potentials 


C* 


[21] 


Its  value  is  either  negative  or  positive. 

A  general  analytical  solution  of  [1 1]  is  extremely  difficult  to  obtain  since  U' 
depends  on  the  lateral  y-coondinate.  We  shall  instead  utilize  a  method  devised  by  Aris  and 
Taylor  which  makes  it  possible  to  derive  the  mean  penetration  distance  and  the  dispersion 
about  it.  A  detailed  description  of  the  general  method  is  given  in  ( ).The  reader  is  referred  to 
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the  appendix  in  which  we  describe  how  to  apply  it  to  the  foregoing  problem.  A  summary  of 
the  principal  equations,  outline  of  the  solution  procedure  and  the  main  results  are  now 
addressed. 


Equation  [11]  rewritten  in  the  2D  cartesian  coordinate  system  (y,z)  possesses  the 
following  form 


f+£/! 


[22] 


where 


U  =  2U-<~ 3j?~1)+U' 


[23] 


A  cascade  of  partial  differential  equations  can  be  derived  from  [22]  all  of  which  are 
independent  of  z  and  are  easier  to  handle .  The  first  three  are 


?Ei  =  D^  +  S(t)6(y-y) 


[24] 


[25] 


^*D^+Wp°+2Up' 


where 


[26] 


Po 


=  J“pdz,  Pl  =  j~pzdz,  p2  =  j~pz2dz 


[27] 


The  associated  boundary  conditions  are 


+D%  =  ±xp;,  is  1,2,3  @  y  =  ±b 

dy 


[28] 
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The  solutions  for  pj  and  p2  arc  required  to  determine  the  mean  penetration  and  the 
dispersion  about  the  mean.  The  solution  for  p2  depends  upon  p {  and  it  in  turn  depends 
upon  pQ.  The  solution  of  [24]  for  p0  is  straightforward 

PoW  *?'.  *)  =  h~x ]T 7 c o$(8j] ) cos( Sry)  r29] 

,  1  +  sin  ojK  l‘t7J 

where 


[30] 


and  5n  is  a  solution  of  the  following  algebraic  equation 

SHtanSm  =  A  [31 

which  possesses  an  infinite  number  of  roots.  The  n-th  root  lies  in  the  region  between 
(n-l)7t  and  (n-.5)7t  and  approaches  (n-l)jt  for  large  n’s. 

the  solution  of  [25]  for  p /  is  quite  lengthy  and  results  in  the  the  expression 


1  y  exp(-g2T)cos5„77cos£,,T;,f  sin  2  <5  „  3  cos  2  5, 

(l  +  A-WSj2  — +  25* 


3sin2  5. 


Pi  _  1  y 

P.r  2%  (l  +  A-'sin  25„)2  {  5„  '  25*  4  S„3 

—YiYi  texP(~^T)  ~  exp(-g2T)]cos  5j]  cos  5  jy  cos  5,  cos  5m 


+  2f(l  +  A  !sin25.)  + 


.]  *«i 


( 5  *  -  5m“)\  1  +  A"1  sin2  5„)  (1  +  A-1  sin2  Sm) 


[5*  +  5m*  +  2X(X  +1)1 


[32] 

The  probability  of  a  particle  depositing  per  unit  time  per  unit  area  over  the  pore 
walls  is  Kp  at  y=b.  Thus,  the  mean  penetration  depth,  for  particles  entering  the  pore  at 
arbitrary  initial  position  is  given  by 


*  =  2€oCIo  ^z,y,t\y')\ymbp{y')dzdfd= 

2kL  C*  AP(r)<fy-<* 


[33] 


where  p(y)  is  the  probability  distribution  of  a  particle  entering  the  pore  at  time  t=0  at 
position  y=y  and  the  factor  2  preceding  the  expression  accounts  for  deposition  on  the  wall 
at  y=-b.  An  exact  solution  for  the  distribution  would  depend  upon  the  solution  for  particle 
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concentration  outside  the  porous  substrate  adjacent  to  its  boundaries.  This  solution  is  not 
apriority  known.  Instead,  we  shall  assume  a  simple  uniform  distribution  or,  in  other 
words,  that  all  initial  positions  are  equally  likely. , 

Substitution  of  [34]  and  [32]  into  [33]  yields. 


z  y  sin2 S,  f sin2 S„  3cos2 5„  3sin2<5„  ,-i  ■  N 


4  S. 


«2Z 


cos2  ft,cos25w 


a*\  mm 
m+n 


i  (Sm2  ~  Sm2)2SH28m\\  +  A'1  sin2  <5„)  (1  +  A”  sin2 8  J 


{8n2  +  5M2  +  2X(X  +1)]} 


[34] 


Figures  2  and  3  illustrates  the  dependence  of  the  mean  penetration  depths  upon  the 
Damkohler  number  A  and  the  ratio  between  particle  to  wall  zeta-potentials  £,  respectively. 
Deep  penetration  is  affected  mainly  by  two  parameters,  the  Peclet  number  and  the 
Damkohler  number.  The  dependence  upon  Peclet  number  (either  based  on  the 
electroosmotic  or  the  electrophoretic  velocities)  is  shown  to  be  linear.  The  dependence  upon 
the  Damkohler  number  is  mostly  pronounced  for  values  lower  than  0.3.  Small  changes  in 
this  region  would  be  manifested  in  large  changes  in  penetration  depths.  High  values  of  the 
Damkohler  number  would  result  in  poor  penetration  depths.  The  third  non-dimensional 
parameter,  the  zeta  potential  ratio,  is  of  much  lesser  importance.  The  penetration  depth 
increases  slowly  with  a  corresponding  increase  in  the  value  of  £. 

The  solution  of  [26]  for  p2  is  very  lengthy  and  tedious  and  is  based  on  die  solutions 
for  p0  and  p}  given  in  [29]  and  [32],  Since  we  seek  the  dispersion  about  the  mean 
penetration  distance  of  particles  deposited  over  the  walls,  we  need  to  evaluate  the  integral 

^~2k\  S  J  n(z-z)2P(z>b,t\y)p(y)dzdydt  = 

fb  ,  [35] 

2k\  J  „  Pi(y  -  b,t\y)p(y)dydt  -  z 

.  *  .  .  2 
The  integration  of  p2  ,  albeit  straightforward,  is  tedious  and  the  final  expression  for  cr, 

possesses  the  following  form 
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Figures  4  to  9  illustrate  the  long  time  dependence  of  the  dispersion  coefficient  on 
the  Damkohler  number,  on  the  zeta  potential  ratio  and  on  the  Peclet  number. 

Figures  4  and  5  illustrate  the  derived  numerically  computed  values  for  the 
dispersion  coefficient  as  function  of  the  Damkohler  number  A ,  for  £  values  0.1, 1  and  10 
and  Peclet  numbers  0.1, 1  and  10,  respectively.  It  can  clearly  be  observed  that  high  values 
of  X  cause  the  dispersion  coefficient  to  decay  ver  fast.  It  means  that  most  of  the  particles 
would  deposit  on  the  walls  very  close  to  the  pore  entrance  and  that  the  spread  around  the 
mean  penetration  distance  is  peaked.  Small  values  of  X  would  result  in  deep  penetration  and 
a  wide  spread  of  particles  (a  desirable  effect).  For  X  values  smaller  than  0.3,  the  dispersion 
coefficient  is  highly  sensitive  to  X  variations.  A  decrease  in  A  by  a  factor  of  two  may 
result  in  order  of  magnitude  changes  in  the  dispersion  coefficient.  Although  the  trend 
manifested  in  the  figures  is  expected,  the  last  mentioned  result  is  not  too  obvious. 

Figures  6  and  7  illustrate  the  values  computed  for  the  dispersion  coefficient  as 
function  of  the  zeta  potential  ratio  £ ,  for  X  values  0. 1 , 0.5  and  1  and  Peclet  numbers  0. 1 ,  1 
and  10,  respectively.  It  manifests  that  the  square  of  dispersion  coefficient  depends 
quadratically  upon  £.  Its  value  increasing  slowly  with  a  corresponding  increase  in  the  zeta 
potential  ratio.  The  reason  for  this  behavior  is  not  too  clear.  It  may  be  due  to  the  larger 
variations  in  the  velocity  profile  across  the  pore,  a  fact  which  is  known  to  enhance 
dispersion  in  similar  flow  systems. 

Figures  8  and  9  illustrate  the  values  computed  for  the  dispersion  coefficient  as 
function  of  the  Peclet  number  Pe  for  £  values  0.1,  1  and  10  and  X  values  0.1,  0.5  and  1, 
respectively.  It  manifests  the  important  role  of  particle  convection.  For  large  Pe  numbers, 

the  dispersion  coefficient  increase  almost  linearly  The  probability  density  drops 
significantly  with  the  Peclet  number  Pe  thus  a  more  even  distribution  of  panicles  is 

expected  along  the  pore  axis  and  deeper  penetration  is  expected.  In  figure  5  the  probability 
density  is  directly  plotted  vs.  the  local  deposition  parameter  A  for  Peclet  values  0.1, 1.0 
and  10  and  two  values  of  z,  showing  again  the  fast  accumulation  of  particles  near  the  pore 
entrance  for  small  values  of  Peclet  number. 
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4,  CONCLUSIONS 

Deep  penetration  and  coating  is  feasible  by  electrophoretic  methods.  The  figures 
elucidate  the  fact  that  deep  penetration  (more  than  hundred  pore  diameters)  can  be  achieved 
only  for  small  Damkohler  numbers  X  (X<  02  )  and  for  high  Peclet  numbers  (Pe  >  10 ). 
Cases  in  which  X  =0  would  obviously  result  in  the  largest  value  for  the  mean  penetration. 

A  small  change  in  X  may  cause  order  of  magnitude  changes  in  penetration  depths. 
Introduction  of  a  repelling  force  between  the  particles  and  the  pore  walls,  stronger  than  van 
der  Waals  forces,  may  achieve  this  desired  effect 

The  dispersion  around  the  mean  penetration  depth  is  large  for  small  Damkohler 
numbers  and  grows  almost  linearly  with  Peclet  number.  Thus,  an  almost  even  spread  can 
be  achieved  for  the  same  values  which  will  bring  about  deep  penetration.  This  result  is  a 
very  favorable  outcome  for  electrophoretic  coating  methods. 

An  increase  in  the  ratio  £  between  the  electrophoretic  velocity  of  the  particle  and  the 
electroosmotic  velocity  near  the  wall  will  cause  only  a  mild  increase  in  penetration  depth 
and  dispersion  coefficient.  Indeed,  this  parameter  plays  only  a  secondary  role  in  the  deep 
electrophoretic  coating  process  It  is,  however,  preferable  to  increase  the  electrophoretic 
rather  than  the  electroosmotic  velocity. 

Comparison  with  the  results  we  obtained  for  the  open  pore  structure  of  the  substrate 
reveals  that  penetration  depths  for  closed  pores  is  smaller  whereas  dispersion  in  the  latter  is 
larger  provided  electroosmosis  exists. 

Validity  of  the  analysis  relies  on  the  fact  that  particles  do  not  reach  the  dead  end 
position  in  the  pore.  Thus,  the  pore  must  be  longer  than  the  sum  of  the  mean  penetration 
distance  and  three  times  the  the  value  of  the  dispersion  coefficient  (this  will  account  for 
more  than  95%  of  the  particles  depositing  on  the  walls  prior  to  reaching  the  dead  end). 
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The  diffusion  coefficient  of  the  colloidal  panicles  has  a  dual  effect:  1)  decreasing 
diffusion  coefficient  causes  increasing  Peclet  number  which  has  a  favorable  effect  on 
penetration  depth.2)  decreasing  diffusion  coefficient  causes  increasing  deposition  rate 
which  has  an  unfavorable  effect  on  penetration  depth. 

The  process  can  be  controlled  by  a  judicious  selection  of  particle  size  and 
concentration,  solution  properties,  electric  field  intensity  and  its  time  protocol. 
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Eiaug.  Captions 

figure  1:  The  definition  of  the  coordinate  system  and  the  geometrical  model  for  particle 
penetration . 

figure  2:  Mean  penetration  depth  vs.  The  Damkohler  number. 

figure  3:  Mean  penetration  depth  vs.  The  ratio  between  electrophoretic  and  electroosmotic 
velocities  (or  particle  to  wall  zeta  potentials). 

figure  4:  The  standard  deviation  vs.  The  Damkohler  number  (particle  to  wall  zeta  potential 
ratio  is  used  as  a  parameter). 

figure  5:  The  standard  deviation  vs.  The  Damkohler  number  (The  Peclet  number  is  used  as 
a  parameter). 

figure  6:  The  standard  deviation  vs.  The  zeta  potential  ratio  (The  Damkohler  number  is  used 
as  a  parameter). 

figure  7:  The  standard  deviation  vs.  The  zeta  potential  ratio  (The  Peclet  number  is  used  as  a 
parameter). 

figure  8:  The  standard  deviation  vs.  The  Peclet  number  (The  zeta  potential  ratio  is  used  as  a 
parameter). 

figure  9:  The  standard  deviation  vs.  The  Peclet  number  (The  Damkohler  number  is  used  as 
a  parameter). 
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ABSTRACT 

Tne  electrophoretic  penetration  of  colloidal  silica  particles  into  a  carbon-carbon  porous  substrate  is  investigated.  The 
carbon  substrate  is  immersed  in  a  solution  containing  the  particles  and  positioned  between  two  electrodes.  An  electnc  po¬ 
tential  gradient  between  the  electrodes  is  used  to  drive  the  solute  (silica  particles)  into  the  pores.  Three  driving  mechan¬ 
isms  are  identified:  the  hydrodynamic  drag  force  exerted  on  the  particles  due  to  the  electroosmotic  flow  of  the  solvent  in¬ 
side  the  pores,  the  electrophoretic  force  exerted  on  the  particles,  and  the  stochastic  Brownian  force  due  to  thermal 
fluctuations  of  the  solvent  molecules.  While  subjected  to  these  forces,  the  particles  may  reach  the  wails  of  the  pore  and  the 
short  range  van  der  Waals  forces  may  cause  their  capturing  and  deposition  onto  the  walls.  The  objectives  of  this  paper  are 
to  predict  the  penetration  depth  of  a  single  ceramic  particle  moving  inside  a  porous  substrate  under  the  effect  of  an  elec¬ 
tnc  potential  gradient,  to  denve  the  nondimensional  parameters  characterizing  the  motion  of  the  ceramic  particles,  and  to 
gain  a  physical  insight  on  the  various  mechanisms  governing  penetration.  Qualitatively,  the  results  are  that  penetration 
depths  are  governed  by  a  favorable  (if  large)  Peciet  number  and  unfavorable  (if  large)  Damkohler  number.  Quantitative 
results  are  also  provided. 


Deep  penetration  and  deposition  of  inert  species  over 
the  interstitial  surfaces  of  a  volatile  porous  substrate  has 
been  a  major  concern  of  the  aero-space  industry.  Ex¬ 
tremely  strong,  light,  and  sometimes  porous  composites 
(such  as  carbon-carbon)  may  undergo  undesired  processes 
if  e. . "posed  to  a  high  temperature  oxidizing  environment. 
Chemical  vapor  deposition  (CVD)  of  inert  materials  (such 
as  silica,  silicon-carbide,  etc.)  onto  the  walls  of  the  pores, 
have  been  suggested  in  the  past  (1-2)  to  protect  the  com¬ 
posites  from  burning  or  deterioration.  Alas,  CVD  has 
proven  to  be  extremely  slow  and  only  shallow  penetration 
has  been  detected.  A  new  method  to  protect  porous  sub¬ 
strates  by  electrophoresis  is  carried  out  and  described  in 
detail  in  Pari  II.  In  essence,  an  electric  potential  gradient  is 
used  to  drive  colloidal  particles  deep  into  the  voids  of  the 
porous  substrate.  The  purpose  of  this  paper  (Part  I)  is  to 
provide  an  overview  of  the  existing  theory  and  mathemati¬ 
cal  models  closely  related  to  deep  electrophoretic  deposi¬ 
tion  (DED),  to  suggest  a  theory  and  a  mathematical  model 
by  which  DED  can  be  analyzed  and  the  nondimensional 
parameters  governing  the  process  be  obtained,  and  to  pre¬ 
dict  penetration  depths  for  the  given  set  of  parameters. 

The  motion  of  a  single  particle  under  the  effect  of  elec¬ 
trophoretic  forces  has  first  been  addressed  by  Smolu- 
chowski  (1918)  and  subsequently  by  many  others  (3-15). 
Smoluchowski  predicted  that  a  rigid  spherical  particle 
possessing  an  electnc  double  layer  and  embedded  in  an 
unbounded  flow  field  would  be  forced  to  move  if  subjected 
to  an  electrical  potential  gradient  The  mobility  of  the  par¬ 
ticle  depends  linearly  upon  the  dielectric  constant  of  the 
fluid,  the  potential  gradient  the  zeta  potential  of  the  parti¬ 
cle,  and  is  inversely  proportional  to  the  fluid  viscosity. 
Wall  effects  were  accounted  for  by  (16)  and  (17)  for  the  case 
of  a  particle  traveling  in  close  proximity  to  the  containing 
boundaries  of  the  flow  field.  Keh  and  Anderson  (17)  have 
shown  that  if  electroosmosis  is  disregarded  the  particle 
would  experience  an  increasing  drag  force  and  reduced 
mobility.  It  was  also  shown  that  due  to  the  electric  field, 
the  insulating  rigid  wails  would  induce  an  electroosmotic 
flow,  its  direction  depending  on  the  sign  of  the  wall  zeta 
potential.  Thus,  a  neutral  particle  immersed  in  the  fluid 
would  be  dragged  by  the  electroosmotic  flow  and  move 
with  almost  identical  velocity.  In  case  the  particle  is  also 
subjected  to  an  electrophoretic  force,  the  particle  would 
move  with  the  combined  electrophoretic  and  electroos¬ 
motic  velocities.  Superposition  is  allowed  due  to  the  lin¬ 
earity  of  the  governing  low  Reynolds  number  flow  field 
equations.  Ir.  addition,  a  submicron  particle  would  experi¬ 
ence  an  erratic  Brownian  motion  due  to  the  thermal  fluc¬ 


tuations  of  the  fluid  molecules.  Consequently,  determinis¬ 
tic  evaluation  of  the  particle  path  under  the  combined 
effects  of  electroosmosis,  electrophoresis,  and  Brownian 
motion  is  invalid  and  a  probabalistic  approach  must  be 
adopted  (18). 

The  fluid  motion  inside  a  porous  substrate  under  the  ef¬ 
fect  of  a  pressure  gradient  (known  as  Darcy's  law)  has  been 
addressed  by  many  investigators.  To  denve  the  micro-pat¬ 
tern  of  the  flow  field,  unit  cell  models  (19-21)  as  well  as 
more  advanced  finite  elements  approaches  for  spatially  pe¬ 
riodic  structures  (22-27)  were  applied.  However,  no  equiva¬ 
lent  treatment  exists  for  the  case  of  electroosmotic  flow 
through  a  porous  structure,  namely,  the  flow  generated 
under  the  effect  of  an  electric  potential  gradient.  Since  a 
particle  would  be  dragged  by  this  interstitial  electroos¬ 
motic  flow,  its  evaluation  is  of  foremost  significance  if  one 
desires  to  calculate  mean  penetration  depths  of  the  ce¬ 
ramic  particles.  A  general  approach  in  which  Darcy's  iaw 
is  modified  so  that  it  would  incorporate  electroosmotic  ef¬ 
fects  is  addressed  by  us  (28)  and  by  others  (29). 

The  second  effect  to  be  accounted  for  is  the  direct  elec¬ 
trophoretic  force  exerted  on  a  particle  traveling  inside  the 
small  pores.  Numerous  treatments  exist  for  the  low  Rey¬ 
nolds  number  motion  of  small  rigid  uncharged  particles 
(30).  charged  particles  (17),  wall  effects  excluded  (30).  and 
included  (30-33).  The  fine  structure  of  a  porous  substrate 
enveloping  a  particle  was  treated  m  various  ways,  for  in¬ 
stance,  a  spherical  particle  traveling  along  an  infinitely 
long  cylinder  of  circular  cross  section,  a  spherical  particle 
embedded  in  a  flow  field  which  is  bounded  by  a  spherical 
envelope  with  preassumed  stress-free  (or  vorticity-free) 
boundary  conditions,  and  a  small  spherical  particle  mov¬ 
ing  inside  a  spatially-penodic  lattice  of  prearranged  large 
spherical  particles.  Notwithstanding,  all  of  the  previous 
models  assumed  the  no-slip  boundary  conditions  which 
are  correct  for  an  uncharged  particle  surface,  whereas  the 
electrophoretic  force  is  applied  via  a  unique  slip  boundary 
condition.  Thus,  the  known  approaches  must  be  altered  to 
handle  this  new  set  of  boundary  conditions  (17). 

The  third  effect,  the  random  Brownian  force  due  to  the 
thermal  fluctuations  of  the  fluid,  has  been  treated  by  two 
different  methods  in  the  past  The  first  method  applies  a 
Lagrangian  viewpoint  of  the  problem  utilizing  Langevm’s 
equation  to  evaluate  mean  particle  velocity'  and  dispersion 
(34, 35).  The  second  method  applies  an  EuJenan  approach 
where  a  Fokker-Planck  equation  is  formulated  and  a  mo¬ 
ment  method  developed  by  Taylor -Aris  is  utilized  to  de¬ 
rive  the  pertinent  means  (36-38).  Generally,  it  is  accepted 
(and  for  linear  cases  can  be  proven  (18))  that  those  methods 
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would  yield  identical  results  and  the  choice  between  the 
methods  is  a  matter  of  convenience. 

In  the  next  section  we  shall  address  the  three  foregoing 
mechanisms  where  we  provide  a  short  recapitulation  of 
the  basic  equations  governing  electroosmotac  flow  in  po¬ 
rous  structures  derived  elsewhere  (28),  a  model  for  the  mo¬ 
tion  of  a  particle  in  a  long  cylindrical  tube  under  the  effect 
of  an  electric  field,  (a  model  simulating  the  motion  of  a  par¬ 
ticle  in  a  porous  structure),  and  a  model  for  the  stochastic 
behavior  of  the  Brownian  particle  under  the  combined  ef¬ 
fect  of  electroosmosis  and  electrophoresis  utilizing  Fok- 
ker-Planck's  equation. 

Method  of  Solution 

Electroosmosis  in  porous  media.— The  flow  through  por¬ 
ous  media  generated  by  an  electnc  potential  gradient  was 
analytically  investigated  in  (39)  using  a  cell  model  and  by 
(28)  using  a  simple  approach  based  on  the  known  solution 
of  the  flow  field  through  a  long  circular  tube  (in  close  simi¬ 
larity  to  one  of  the  approaches  used  to  analytically  prove 
Darcy’s  law).  Similar  approaches  for  pressure  driven  flows 
were  used  to  determine  filtration  efficiencies  in  porous 
substrates  (40).  For  the  sake  of  completeness  we  provide  in 
the  Appendix  a  short  recapitulation  of  the  basic  assump¬ 
tions  and  results  presented  in  (28),  a  paper  which  was  re¬ 
cently  submitted  for  publication-  We  shail  follow  its  sym¬ 
bol  definition  and  use  its  main  result  (Eq.  [A-10J)  to 
evaluate  the  electroosmotic  velocity  developed  inside  a 
porous  slab. 

Assume  the  very  simple  case  of  an  infinite  slab  of  thick¬ 
ness  c,  which  is  subjected  to  an  electric  potential  drop 
<i>3  -  <t>,  and  a  zero  pressure  gradient  (along,  say,  the  z  direc¬ 
tion).  The  steady-state  solutions  of  Eq.  [A-10]  for  the  elec¬ 
tric  potential  inside  the  slab  <b  and  the  interstitial  velocity  v 
are  simply 

<t>  =  4>i  +  (4m  -  4>i)z/c,  v  =  U'  ■  — y(<t>3  -  <t>iVc  k  (1] 

where  y  is  the  electroosmotic  permeability  defined  in 
Eq.  (A-6). 

Thus,  the  electroosmotic  velocity  through  the  slab  is  uni¬ 
form  and  constant  We  adopt  the  symbol  U'  for  the  velocity 
soluuon  of  this  simple  case  and  shall  apply  it  later  in  the 
paper. 

Electrophoretic  motion  of  a  panicle. — The  electro¬ 
phoretic  velocity  IT  of  a  small  rigid  spherical  particle  sus¬ 
pended  in  an  unbounded  flow  field  of  viscosity  n  and  sub¬ 
jected  to  an  external  electnc  potential  gradient  E  =  -Wfc 
was  first  obtained  by  Smoluchowski 

«C» 

U*=-  — V*  [2] 

4rn| 

where  is  the  zeta  potential  over  the  particle  interface  and 
« is  the  dielectnc  constant  of  the  fluid.  The  basic  assump¬ 
tions  made  to  denve  Eq.  [2]  are  that  the  Debye  screening 
length  is  much  smaller  than  the  particle  dimension  and 
that  the  particle  translates  m  an  unbounded  flow  field. 

If  the  particle  translates  at  close  proximity  to  a  ngid  sur¬ 
face,  wall  effects  must  be  accounted  for  (17).  Notwith¬ 
standing,  for  particle  dimensions  which  are  more  than  ten 
times  smaller  than  its  distance  to  the  wall,  Smolu- 
chowski’s  equation  is  an  excellent  approximation  (if  no 
electroosmotic  flow  exists). 

Itis  a  well  known  result  from  the  theory  of  low  Reynolds 
number  flows  (41,42)  that  a  particle  approaching  a  rigid 
wall  (subjected,  for  instance,  to  gravity  force')  will  experi¬ 
ence  a  growing  hydrodynamic  resistance  which  at  the 
limit  of  zero  gap  increases  to  infinity.  However,  the  condi¬ 
tion  of  slip  velocity  over  the  particle  boundaries  will  cause 
that  resistance  to  grow  in  a  slower  manner  up  till  a  gap  of 
the  order  of  the  Debye  screening  length.  An  exact  treat¬ 
ment  of  this  hydrodynarrucaily  singular  behavior  awaits 
exploration.  However,  over  these  very  small  distances  one 
has  to  consider  other  surface  forces  <e.g.  London-van  der 
Waals)  which  eventually  lead  to  the  attraction  of  the  parti¬ 
cle  to  the  walls.  Thus,  it  seems  reasonable  to  assume  that 
Smoiuchowski's  equation  can  be  used  as  a  first  „rder  ap¬ 


depth  of  penetration 

c 

Fig.  1.  A  slab  of  porous  substrate  of  thickness  c. 


proximation  for  the  mobility  of  a  parude  over  the  enure 
range  of  partide-wall  gaps. 

Henceforth,  we  shall  assume  that  Eq.  [2]  is  applicable  for 
the  case  of  a  single  rigid  partide  immersed  m  a  fluid  of  vis¬ 
cosity  t)  and  bounded  by  the  walls  of  a  long  tube. 

The  probability  distribution  for  panicle  penetration 
depths. — Statement  of  the  problem. — Small  submicron  par- 
tides  traveling  inside  the  pores  of  a  porous  substrate  (see 
Fig.  1)  are  strongly  affected  by  the  thermal  fluctuations  of 
the  fluid  molecules  and  experience  Brownian  motion.  This 
stochastic  motion  must  be  superimposed  to  the  determin¬ 
istic  electrophoretic  mouon  and  electroosmotic  induced 
velodty  which  are  primarily  parallel  to  the  direction  of  the 
pore  axis.  The  Brownian  motion  causes  the  parade  to 
cross  streamlines  and  sample  all  possible  transverse  posi¬ 
tions  which  leads  to  the  phenomenon  known  as  Taylor  dis¬ 
persion. 

Tracing  down  exactly  the  trajectory  of  a  parade  is  there¬ 
fore  of  no  consequence.  What  we  seek  is  the  probability 
distribution  that  a  particle  entering  the  porous  substrate 
would  reach  a  given  depth  and  not  be  deposited  on  the 
walls  during  its  erratic  mouon  inside  the  pores.  In  addi¬ 
tion,  the  very  complex  and  random  structure  of  the  porous 
substrate  makes  it  impossible  to  obtain  more  than  a  formal 
representation  of  the  equations  and  boundary  conditions. 
The  mathematical  formulaUon  must  hinge  on  a  simplified 
geometrical  model  for  the  porous  structure  which  would 
be  amenable  to  mathemaucal  analysis.  One  of  the  very 
common  approaches  is  to  treat  a  single  pore  as  a  long  cir¬ 
cular  tube  of  mean  pore  diameter,  its  axis  colmear  with  the 
loca)  superfidal  velocity  direction.  Such  a  model  is  handi¬ 
capped  by  the  fact  that  no  pronounced  lateral  dispersion 
of  the  parades  across  the  porous  substrate  is  allowed. 
However.  since  only  the  mean  longitudinal  parade  mouon 
is  sought,  such  a  model  is  expected  to  provide  valid  results 
on  the  main  parameters  affecting  penetrauon  depths.  Fig¬ 
ure  2  describes  the  basic  geometrical  and  kmemaucal  pa¬ 
rameters  applicable  to  the  problem. 

The  general  differential  equations  governing  the  prob¬ 
lem  is  Fokker-Pianck’s  equation  for  the  probability  distri¬ 
bution.  In  our  case  it  assumes  the  form 

dp 

—  +  v  .  j  +  X,  ■  iT  +  V,  -  J, 
dt 


=  —  Uz)Ur  -  rti6(e  -  Gt,)&(t)  [3] 

r0 


where 


J,  =  Up  -  D.V.p,  lT  =  -D,V,p,  J,  -  -D.r,p 

D,  =  kTM,  D,  =  kTM,  D,  =  kTM,  [4] 

U  -  U'(0  +  inn 

Here  p(r.  z.  ft,  Pro,  0.  60)  stands  for  the  conditional  proba¬ 
bility  that  a  particle  initially  located  at  1 1 v  0.  «0)  reacnes  the 
infinitesimal  volume  around  (r.  z.  e.i  after  time  *  The  poiar 
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Fig.  2.  The  definition  of  the  coordinate  system  and  the  geometrical 
model  for  particle  penetration. 


coordinate  system  (r,  z,  8)  coincides  with  the  pore  axis 
where  r  stands  for  the  radial  distance  from  the  pore  axis,  z 
is  the  distance  measured  along  the  pore  axis  from  the  pore 
entrance,  and  8  is  the  azimuthal  angle  The  symbol  U 
stands  for  the  deterministic  part  of  the  velocity  of  the  par¬ 
ticle,  composed  of  its  electrophoretic  velocity  and  the  elec- 
troosmouc  velocity  of  the  suspending  field.  It  must  be 
stressed  that  the  interstitial  flow  due  electroosmosis  U* 
does  not  possess  the  commonly  agreed  upon  parabolic 
(Poiseuille)  form  (29).  It  is  very  well  approximated  by  plug 
flow  (as  shown  in  Fig.  2)  for  pore  diameters  larger  than  De¬ 
bye's  screening  length  (a  condition  normally  met).  Thus,  U 
is  a  uniform  function  with  respect  to  the  spatial  coordi¬ 
nates  as  long  as  the  particle  diameter  is  at  least  ten  times 
smaller  than  the  pore  diameter.  The  flux  J,  parallel  to  the 
axis  of  the  pore  depend  on  particle  convection  and  diffu¬ 
sion  along  the  pore  axis,  whereas  the  fluxes  J,  and  J,  arise 
from  diffusion  only.  The  diffusion  coefficients  D„  Dn  and 
the  first  one  parallel  and  the  latter  perpendicular  to  the 
pore  axis,  depend  on  the  absolute  temperature  T  of  the  liq¬ 
uid  and  the  respective  particle  mobilities  M„  and  M,. 
This  generalized  Stokes-Einstem  relationship  provided  in 
Eq.  [4]  accounts  for  wall  effects  through  the  anisotropic 
form  of  the  mobility  tensor.  From  the  physical  point  of 
view,  it  is  obvious  that  the  particle  would  experience  un¬ 
equal  hydrodynamic  resistance  to  its  motion  perpendicu¬ 
lar  and  parallel  to  the  pore  axis.  The  mobility  tensor  com¬ 
ponents  were  approximately  evaluated  in  (30).  It  is  shown 
that  for  particles  of  radius  a  small  compared  to  their  dis¬ 
tance  to  the  wall,  the  mobilities  Af„  Mr,  and  M,  are  approxi¬ 
mately  equal  and  possess  the  following  form 

M, *  Mr  ■»  M«  ”  l/(6irna)  [5] 

The  boundary  condition  which  must  be  satisfied  by  the 
probability  distribution  p  is 

dp 

-D  —  =  xp  at  r  =  b  [6] 

dr 

where  k  is  the  local  deposition  rate  and  b  stands  for  the 
pore  mean  radius. 

The  left  hand  side  of  [6]  represents  the  diffusional  flux  of 
probability  towards  the  pore  walls  whereas  the  right  hand 
side  represents  the  probability  that  a  particle  located  at 
close  proximity  to  the  wails  would  indeed  be  deposited. 
The  numerical  value  of  *  depends  on  particle  shape  and  di¬ 
mension.  electrostatic,  and  hydrodynamic  forces  and  the 
physical  properties  of  the  materials  comprising  the  parti¬ 
cles.  the  porous  substrate,  and  the  suspending  liquid.  In¬ 
deed,  it  is  extremely  difficult  to  obtain  *  from  first  princi¬ 
ples.  A  feasible  method  to  attain  this  end  would  be  to 
devise  an  experiment  in  which  one  would  utilize  the  given 
materials  of  the  ceramic  particles,  porous  substrate,  and 
liquid. 

As  for  the  downstream  boundary  condition,  we  assume 
that  very  far  from  the  entrance  p  vanishes.  This  is  in  agree¬ 
ment  with  the  assumption  of  very  long  pores  or,  m  other 
words,  that  the  particle  is  deposited  on  the  wails  long  be¬ 
fore  it  reaches  the  far  end.  A-posterior,  the  solution  would 
provide  the  condition  for  which  this  assumption  can  be 
justified.  In  addition,  we  would  assume  that  the  in¬ 


tegral  of  p  over  the  walls  and  the  bulk  of  the  fluid  is  unity 
for  all  times  (this  corresponds  to  assuming  that  a  particle 
once  it  entered  the  pore  is  not  allowed  to  escape).  This  con¬ 
dition  which  is  normally  applied  for  Lagrangiac  formula¬ 
tion  of  the  problem,  is  also  used  here.  It  replaces  the  tradi¬ 
tional  Danckwerts’  (43,  44)  upstream  boundary  condition 
which  is  normally  applied  for  an  Eulenan  representation 
of  a  similar  problem.  It  can  be  justified  if  one  recalls  that 
the  longitudinal  dispersion  is  very  small  for  the  very  short 
times  the  particle  stays  close  to  the  entrance.  In  other 
words,  the  Brownian  migration,  which  might  cause  the  es¬ 
cape  of  the  particle,  is  negligibly  small  compared  with  the 
longitudinal  distances  the  particle  travels  due  to  convec¬ 
tion  during  the  short  times  it  stays  close  to  the  entrance. 

Analytical  solution  and  results.— It  is  very  useful  to  state 
the  nondimensional  parameters  and  tune  scales  of  the 
problem  before  we  attempt  to  obtain  an  analytical  or  nu¬ 
merical  solution  of  Eq.  [3],  It  is  easy  to  show  from  Eq.  [1] 
that  the  pertinent  time  scale  within  wrnch  steady  electro- 
osmotic  flow  can  be  established  is 


where  E  is  the  externally  applied  electnc  field. 

Similarly,  it  can  be  shown  from  Eq.  [3],  [4],  and  [6]  that 
three  time  scales  exist  for  the  penetration  process  of 
Brownian  ceramic  particles  into  the  porous  substrate.  The 
first  time  scale  is  linked  with  the  convecuve  term  of  the 
Fokker-Planck  equation,  namely 


which  determines  the  time  it  would  take  the  particle  to 
cross  the  porous  slab. 

The  second  time  scale  is  related  to  the  diffusive  process, 
namely,  the  time  it  takes  a  Brownian  particle  to  cross 
streamlines  and  sample  all  radial  positions  inside  the  tube 


td 


b* 

D 


[9] 


The  third  time  scale  is  obtained  from  boundary  condi¬ 
tion  (6]  and  determines  the  deposition  rate,  namely 


b 


Tr  =  - 

K 


[10] 


If  we  assume  that  the  Brownian  parades  were  intro¬ 
duced  into  the  solution  after  electroosmotic  steady  state 
flow  has  been  established.  (IT  is  time  independent)  non- 
dimensionalization  of  the  Fokker-Planck  equanon  and  the 
associated  boundary  condiaons  resuits  in  two  nondimen- 
sional  parameters  which  determine  the  soiuton  com¬ 
pletely.  The  first  parameter  can  be  identified  as  the  Peciet 
number  of  the  problem 


(IT  1-  Iffib 
D 


[11] 


which  determines  the  relative  significance  of  the  convec¬ 
tive  process  vis-a-vis  the  diffusive  process. 

The  second  nondimensional  parameter,  the  Damkohler- 
number.  determines  the  ratio  between  the  diffusion  and 
the  deposition  time  scales,  namely 


■id 

X  =  — 


IB 


xb 

D 


[12] 


Thus,  large  values  of  X  mean  that  the  deposition  of  parti¬ 
cles  on  the  cylinder  walls  is  governed  mainly  by  diffusion, 
whereas  small  values  of  x  mean  that  deposition  is  con¬ 
trolled  by  the  local  deposition  rate. 

An  analytical  solution  of  Eq.  [3]  (in  its  nondimensional 
form)  can  readily  be  obtained  for  the  case  in  which  U  is-inde- 
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pendent  of  the  radial  coordinate  r.  Since  U'  and  tT  are  in¬ 
deed  devoid  of  radial  coordinate  dependence  for  small  par¬ 
ticle  radius  to  pore  diameter  ratios,  a  general  solution  for  p 
can  be  obtained.  However,  the  exact  initial  location  of  the 
Brownian  particle  is  of  no  consequence  if  particles  pene¬ 
trate  the  pore  at  equally  probable  radial  positions  and 
azimuthal  angles.  It  is,  therefore,  reasonable  to  define  a 
new  nonconditional  probability  distribution  function  P 
based  on  the  conditional  probability  function  p  as  follows 

P(n,{.T)-b p(n,te.Thfc0,eo)P(n*,8o)dA  [13] 


where  we  assume  that  P(rp,  8a) »  1M«  is  the  uniform  proba¬ 
bility  distribution  of  finding  a  particle  at  time  t «  0  at  any 
arbitrary  location  at  the  pore  entrance  and  A,  =  is  the 
cross-section  area  of  the  pore. 

The  expression  for  the  probability  distribution  P,  as  de¬ 
fined  by  Eq.  [13],  is  independent  of  the  initial  azimuthal 
angle  6e  and  radial  position  r0  and  though  lengthy  and  te¬ 
dious  manipulations  are  required  it  is  easier  to  derive 


PCn,  i. ') 


1 

VlTT 


q-yi»  . 

«  -  2 
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(XJ  f-  oiWKoJ 


[14] 


Here 


z 

b’ 


[15] 


and  J0  is  the  Bessel  function  of  zero  order. 

The  a,  parameters  are  determined  by  the  following  in¬ 
dicia!  equation 


oJ,(a)  -  xj,(a)  (16] 

which  has  a  countable  number  of  roots  o,  (n  «  1, 2, . . .). 


Fig.  4.  The  probability  density  P,  n.  the  electrophoretic  Pectet 
number. 

It  is  interesting  to  note  that  P  is  independent  of  8  due  to 
the  inherent  axial  symmetry  of  the  problem. 

Equations  [14]  and  [16]  can  now  be  utilized  to  numeri¬ 
cally  compute  more  physically  meaningful  probabilities. 
For  example,  if  we  are  to  inquire  what  is  the  probability 
per  unit  length  that  a  particle  has  deposited  over  the  pore 


Fig.  3.  The  probability  density  Pt «.  the  downstream  nondimenstonal 
distance  I /b. 


Fig.  5.  The  probability  density  P,  n.  the  Oomkofcler'numbor. 


cummuiallvo  probability  cummutillva  probability  qummulallva  probability  cummulatlva  probability 
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fig.  6.  The  eumulotire  probability  P,  n.  the  dowmtrwrm  nondimentional  dtrtmK*  lib. 
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walls,  a  very  long  time  after  it  has  been  introduced  into  the 
system,  we  simply  calculate 

PM;  X)  -  -  J*  [IJ],-,*  -  k  ^  [PV.dt  [17] 

where  the  right  hand  side  equality  steins  from  boundary 
condition  [6].  It  is  easy  to  show  that 

PM\  P„  X)  -  4X  j  f  f  VJefa.TfWif 

•-i  vo 


<Xl  +  aiVo(a«)VPi|  +  4cr  (VP*  +  4a;  -  PJ 

Figure  3  illustrates  the  numerically  computed  values  of 
Pd  as  a  function  of  z  for  Pedet  numbers  1  and  10  and  X 
values  0.1, 0.5,  and  1.  The  trend  is  very  clear.  High  values  of 
x  cause  the  probability  density  to  decay  very  fast  with  z. 
This  means  that  most  of  the  particles  would  deposit  on  the 
walls  very  close  to  the  pore  entrance  and  deep  penetration 
cannot  be  achieved.  Figure  4  illustrates  Pd  as  a  function  of 
Peclet  number  P,  for  X  values  0.1, 0.5,  and  1  and  for  given 
pore  depths  (z  »  0  and  1).  It  manifests  the  very  important 
role  of  particle  convection.  The  probability  density  drops 
significantly  with  the  Peclet  number  P,  thus  a  more  even 
distribution  of  particles  is  expected  along  the  pore  axis 
and  deeper  penetration  is  expected.  In  Fig.  5  the  probabil¬ 
ity  density  is  directly  plotted  vs.  the  Damkohler  number  X 
for  Peclet  values  0.1, 1.0,  and  10  and  two  values  of  z,  show¬ 
ing  again  the  fast  accumulation  of  particles  near  the  pore 
entrance  for  small  values  of  Peclet  number. 

Figure  6  illustrates  the  foregoing  conclusions  vividly. 
Based  on  the  probability  density  Pd  we  can  define  a  new 
cumulative  probability 


P<  -  £*  P*M  [19] 

which  can  physically  be  interpreted  as  the  long  time  ratio 
between  the  number  of  particles  deposited  over  the  pore 
walls  up  to  pore  depth  zlb  and  the  total  number  of  particles 
introduced  at  z  =  0  and  t  =  0.  The  figures  elucidate  the  fact 
that  deep  penetration  (more  than  hundred  pore  diameters) 
can  be  achieved  only  for  very  low  Damkohler  numbers 
(X  <  0.1)  and  for  very  high  Peclet  numbers 
(Pe  >  100).  Cases  in  which  x  <=  0  would  obviously  result  in 
the  deepest  penetration.  It  might  be  achieved  by  introduc¬ 
ing  a  repelling  force  between  the  particles  and  the  pore 
walls,  stronger  than  van  der  Waals  forces.  The  asymptotic 
value  of  the  cumulative  probability  for  large  values  of  z  is 
always  unity,  since  after  a  long  time  the  probability  that  a 
particle  has  been  deposited  anywhere  over  the  pore  walls 
is  unity  (the  particle  cannot  disappear). 

Figure  7  summarizes  the  foregoing  results.  We  define  the 
penetration  depth  as  the  zJb  value  for  which  Pc  =  0.9.  In 
other  words,  10%  of  the  particles  would  pehetrate  deeper 
than  the  value  shown  in  the  figure  for  a  given  set  of  param¬ 
eters,  the  Damkohler  number  X  and  the  Peclet  number  P, 
Obviously,  the  0.9  numerical  value  chosen  for  P,  is  quite 
arbitrary  and  a  lower  or  a  higher  percentage  could  have 
been  chosen.  The  basic  interpretation  of  the  results,  how¬ 
ever.  ,/ouid  remain  unaltered.  It  is  obvious  from  Fig.  7  that 
the  penetration  depth  for  a  given  value  of  X  grows  almost 
linearly  with  the  Peclet  number  (which  is  not  at  all  surpris¬ 
ing).  The  siope  of  the  curves  depends  strongly  on  X;  the 
smaller  the  X  value  the  deeper  the  particle  penetration. 


Fig.  7.  Ptiwtrolio*  dtptfc  (defined  m  Hm  dewnr— i  vaine  erf  * Ik  hr 
wkicK  tfctre  n  90%  probability  that  the  porhdt  Km  departed  after  a 
very  long  time)  n.  the  electrophoretic  Pedet  number  (tfce  Damkehier 
number  u  used  as  a  parameter). 


and  electrophoretic  velocities  coincide  in  direction,  ie. 
and  possess  the  same  signs.  The  diffusion  coefficient  of 
the  colloidal  particles  has  a  dual  effect  Decreasing  diffu¬ 
sion  coefficient  causes  increasing  Peclet  number  which 
has  a  favorable  effect  on  penetration  depth.  Decreasing 
diffusion  coefficient  causes  increasing  deposition  rate 
which  has  an  unfavorable  effect  on  penetration  depth.  The 
process  can  be  controlled  by  a  judicious  selection  of  parti¬ 
cle  size  and  concentration,  solution  properties,  electric 
field  intensity  and  its  time  protocol 
Quantitative  comparison  with  experimental  results  that 
we  presented  in  Part  II  is  not  yet  possible  since  only  global 
results  of  total  mass  deposition  inside  the  pores  was  meas¬ 
ured  and  not  how  mass  is  distributed  inside  the  porous 
slab  (which  is  the  main  result  we  presented  in  this  paper). 
Further  experimental  work  is  required  to  analyze  this  very 
important  feature  of  deep  electrophoretic  deposition, 
which  will  determine  its  advantage  over  other  coating  pro¬ 
cesses.  On  the  other  hand,  the  total  of  mass  deposited  i. 
side  the  porous  slab  depends  on  the  ratio  between  the  flux 
of  particles  depositing  over  the  extenor  surface  of  the  slab 
and  flux  of  particles  penetrating  it  Thus,  further  theoreti¬ 
cal  work  is  required  to  determine  this  ratio  dependence  on 
the  process  parameters  before  comparison  can  be  made 
with  the  experiments  conducted  in  Part  IL 
Notwithstanding,  several  recommendations  based  on 
the  theoretical  results  were  made  and  found  in  qualitative 
agreement  with  experiment  eg.  the  eiectroosmotic  per¬ 
meability  depends  linearly  on  the  ratio  «/n  which  depends 
solely  on  solvent  properties.  Enhancement  of  penetration 
is  predicted  to  occur  if  this  ratio  is  high.  Several  liquids 
were  examined  (water,  isopropanol  ethanol  and  pentanol) 
and  water  possessing  the  highest  ratio  has  shown  the  best 
results  (Fig.  9  in  Part  H).  A  rather  limited  quantitative 
comparison  with  Fig.  9  in  Part  II  can  be  made  We  calcu¬ 
late  the  ratio  of  SiO:  percentile  of  particles  deposited  in¬ 
side  porous  graphite  and  migrating  in  a  certain  solvent  to 
SiOj  percentile  of  particles  migrating  in  a  given  solvent, 
say,  water. 

solvent  yltheory)  yt  experiment) 


Pentanol  0.052  0.078 

Propanol  0.112  0.29 

Ethanol  0.283  0.42 


Conclusions 

The  following  general  conclusions  can  be  drawn  from 
the  foregoing  analysis.  Deep  penetration  and  coating  is 
feasible  by  electrophoretic  processes.  Enhanced  penetra¬ 
tion  is  obtained  for  large  electrophoretic  Peclet  numbers 
and  small  Damkbhler  numbers.  Electroosmosis  (directly 
dependent  on  the  eiectroosmotic  permeability  y  and  thus 
on  the  sign  of  the  wall  zeta  potential)  increases  the  Peclet 
number  and  thus  penetration  only  if  the  eiectroosmotic 


where 

%SiOj(solvent) 

V  ” - 

%SiOj(  water) 

The  foregoing  table  reveals  that  the  trend  predicted  in 
this  paper  is  definitely  correct  and  there  is  a  fixed  bias 
which  can  be  attributed  to  inaccuracies  in  measurements 
(difficulty  in  removing  the  deposit  over  the  exterior  sur- 
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face  of  the  graphite  slab),  variations  in  zeta  potentials  and 
mathematical  model  simplifications. 
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APPENDIX 

The  flow  through  porous  media  generated  by  an  electric 
potential  gradient  is  discussed  in  (28)  and  is  briefly  recapi¬ 
tulated. 

The  governing  field  equations  for  the  flow  through  a 
long  circular  tube  induced  by  an  electric  potential  gradient 
are  based  on  Stokes’  equations  for  low  Reynolds  number 
flows,  i.e. 


iW  =  Vp,  7  •  v  =  0  [A-l] 

where  v  and  p  are  the  velocity  and  pressure  fields  and  n 
stands  for  the  viscosity  of  the  fluid.  The  boundary  condi¬ 
tions  which  the  velocity  field  satisfies  over  the  cylinder 
walls  are  (17) 


c4„  a<t> 

v.  = - ,  vr  =  0  at  r  =  b  [A-2) 

4irrt  dz 

where  t  is  the  dielectric  constant  of  the  fluid.  is  the  zeta 
potential  at  the  cylinder  wall.  4  stands  for  the  electric  po¬ 
tential.  b  is  the  radius  of  the  tube  and  (r.  z)  are  polar  coordi¬ 
nates.  the  z  coordinate  coinciding  with  the  cylinder  axis.  It 
should  be  noted  that  the  no-slip  condition  can  no  longer  be 
applied  and  in  its  place  we  use  condition  [A-2). 

The  solution  for  v  is  easily  derived  for  a  fully  developed 
flow,  namely,  dvjiiz  *  0.  It  is  a  simple  superposition  of  the 
effects  of  the  pressure  gradient  and  the  electric  potential 
gradient.  Integrating  over  the  tube  cross  section,  the  mean 
interstitial  velocity  is  obtained 


b2  dp  34 
8-n  dz  4inr\  dz 


[A-3] 


Integrating  over  the  entire  cross  section  of  the  porous 
medium  the  superficial  velocity  is 


«p <6*>/<6J>  dp  <34 

8n  dz  4irn  dz 


[A-4 


where  stands  for  the  medium  porosity. 

Since  a  homogeneous  porous  medium  contains  pores  m 
all  possible  directions,  a  similar  procedure  can  be  applied 
for  pores  oriented  along  the  x  and  y  directions.  Expres¬ 
sions  similar  to  [A-4]  can  be  obtained  for  v,  and  vv  and  fur¬ 
ther  generalized  to  derive  the  following  expression  for  v  in 
vectorial  notation 


V  =  -fTp  -  yV<b 


[A-5] 


where 


8-n 


y  = 


CpCCw 

4irri 


[A-6] 


Here  T  and  y  can  be  viewed  as  the  hydrodynamic  and 
electric  permeabilities,  respectively.  Equation  [A-5]  can  be 
viewed  as  a  generalization  of  Darcy’s  law  for  the  case 
where  an  electrical  potential  gradient  as  well  as  a  pressure 
gradient  is  imposed  over  a  porous  medium.  It  is  obvious 
that  these  two  forces  are  decoupled  and  a  potential  gradi¬ 
ent  alone  can  induce  electroosmotic  flow  inside  a  porous 
structure.  Increasing  the  electrical  permeability,  y,  would 
cause  an  increase  in  the  electroosmotic  flow.  Thus,  an  in¬ 
crease  in  medium  porosity,  fluid  dielectric  constant,  and 
zeta-potential  of  the  pore  walls  and  decrease  in  fluid  vis¬ 
cosity  would  cause  enhanced  flow  through  a  porous  struc¬ 
ture  for  a  given  potential  gradient. 


In  addition,  one  must  satisfy  mass  conservation  which 
results  in  the  following  continuity  equation  for  incom¬ 
pressible  fluid 

V  •  v  »  0  [ A-7  ] 

Equations  [A-5]  and  [A-7]  and  the  appropriate  boundary 
conditions  on  4  and  p  do  not  constitute  a  complete  set  by 
which  the  velocity,  pressure,  and  potential  fields  can  be 
evaluated.  An  additional  relation  between  the  flux  of  the 
electric  charge  j  and  the  electric  potential  and  pressure 
gradient  can  be  established  in  a  manner  similar  to  the  deri¬ 
vation  of  Eq.  [A-5] 

j  =  -7vp  -  KV4  [A-8] 

where  K-is  the  electric  conductivity.  It  is  interesting  to 
note  that  y  appears  both  in  Eq.  [A-5]  and  Eq.  [A-8]  in  full 
agreement  with  Onsager's  reciprocal  rule.  The  exact  evalu¬ 
ation  of  K  is  of  no  interest  at  the  moment  and  will  not  be 
addressed.  Similar  to  Eq.  [A-7]  we  obtain 

?  •  J  =  0  [A-9] 

which  is  simply  Kirchoffs  law  applied  to  a  porous 
medium. 

Utilizing  Eq.  [A-5],  [A-7],  [A-8],  and  [A-9]  it  is  easy  to  show 
that  4  and  p  can  be  decoupled  and  satisfy  the  following 
equations  for  a  homogeneous  medium 

V*4  =  V=p  =  0  [A-10] 

i.e.,  4  and  p  are  harmonic  functions  which  can  easily  be  de¬ 
rived  for  a  given  set  of  boundary  conditions. 

•Equations  [A-5],  [A-8]  and  [A-10]  constitute  the  main  re¬ 
sults  of  (28). 
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Deep  Electrophoretic  Penetration  and  Deposition  of  Ceramic 
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ABSTRACT 

The  objective  of  the  present  study  was  to  experimentally  evaluate  the  feasibility  of  depositing  ceramic  particles  on  the 
surface  of  a  porous  substrate  and  inducing  them  into  it  by  electrophoresis.  It  was  demonstrated  that  it  is  possible  to  charge 
and  electrophoretically  deposit  both  oxide  (fused  and  colloidal  SiOj  and  nonoxide  (SiC  and  SiN)  ceramics  on  a  conduc¬ 
tive  graphite  substrate.  It  was  also  shown  that  ceramic  particles  are  induced  into  porous  graphite,  and  that  under  optimal 
conditions  the  whole  cross  section  of  the  specimens  was  penetrated.  The  amount  of  induced  material  was  found  lo  in¬ 
crease  with  the  ratio  of  dielectric  constant  to  viscosity  («-n)  of  the  solvent,  as  well  as  with  particle  concentration  and  field 
intensity.  However,  due  to  simultaneous  buildup  of  an  overlying  deposit,  penetration  as  a  function  of  deposition  time 
reaches  a  plateau  prior  to  the  filling  of  the  whole  pore  volume 


Electrophoretic  deposition  is  obtained  via  migration  of 
nonconductive  electrically  charged  particles  in  an  electnc 
field  towards  one  of  the  electrodes. 

Two  different  charging  modes  are  attributed  to  ceramic 
particles  (1);  a  dissociation  mode,  such  as  the  dissociation 
of  silanol  groups  present  in  silica:  SiOH  +  OH"  -» 
■SiO"  -  KjO  (negatively  charged  particles),  and  an  ab¬ 
sorption  mode,  such  as  the  absorpuon  of  H*  from  water  or 
from  weak  acids:  nAl(OH)j  t  HNOj  —  [A](OH)j]» 
xH*  +  xNOj"  (posiuvely  charged  parades). 

Usually  the  polarity  of  the  particles  has  to  be  determined 
experimentally,  as  the  charge  is  acquired  spontaneously 
on  mixing  the  parades  with  the  solvent,  and  it  may  be  re¬ 
versed  upon  addition  if  ionic  compounds. 

The  surface  charge,  once  formed,  is  then  balanced  by 
ions  of  an  opposite  charge  derived  from  the  solution,  and 
thus  a  double  layer  is  formed  around  it. 

According  to  the  model  proposed  by  Stem,  this  double 
layer  consists  of  a  ngid  part  with  a  linear  potential  gradi¬ 
ent.  and  a  diffuse  part  with  a  nonlinear  potential  gradient 
termed  “zeta  potential"  (2). 

When  an  electnc  field  is  applied  to  a  charged  partide.  the 
latter  tends  to  migrate  towards  the  electrode  with  the  op¬ 
posite  charge.  Its  velocity,  however,  is  slowed  down  by  the 
drag  action  of  the  surrounding  double  layer,  which  is 
pulled  m  the  opposite  direction  by  the  field. 

The  mobility  of  the  parade  in  an  unbounded  fluid  is  de¬ 
rived  by  equating  the  electric  force  with  the  frictional  re¬ 
sistance  and  the  relaxation  force.  Consequently,  the  mobil¬ 
ity  u  is  given  by 

u  »  Ety4mi  [1  +  /tier)] 

where  u  *  mobility,  £  -  field  strength,  t  =  dielectric  con¬ 
stant  of  fluid.  (  =  zeta  potential  of  parades,  n  =  viscosity  of 
fluid,  fc  =  i/doubie  layer  thickness,  and  r  =  radius  of  par¬ 
ticle. 

/Her),  which  vanes  between  0  and  1  for  small  and  large 
vaiues  of  kr,  respectively,  represents  the  relaxation  pne- 


nomenon.  for  fc  <<<  r,  the  above  expression  reduces  to 
the  Smolucnowski  equauon.  namely 

ii'lExi*  D/4mi 

u  vanes  beteween  0  and  20  x  104  cm/s/lv/cm. 

The  electrophoretic  yield  is  given  by 

y  »  a  /  uECSdt 

where  a  *  yield  constant,  c  =  cone,  of  particles.  5  =  area  of 
electrode,  and  ;  =  time. 

In  the  equauons  above  it  is  assumed  that  the  comnbu- 
lion  of  the  hydrodynamic  velocity  to  deposition  is  negligi¬ 
ble;  its  role  being  confined  to  maintenance  of  the  suspen¬ 
sion.  As  for  the  phenomena  that  take  place  at  the 
electrode,  once  the  parades  reach  it  three  possibilities  are 
considered. 

One  hypothesis  is  that  the  parades  undergo  an  eiectrode 
reacuon  which  neutralizes  them.  This,  however,  does  no; 
account  for  the  fact  that  deposits  were  obtained  on  a  poly¬ 
meric  diaphragm  located  between  two  electrodes  (4). 

The  second  hypotnesis  states  that  the  parades  are 
brought  to  the  eiectrode  by  a  field  which  exerts  sufficient 
force  to  overcome  then  mutual  repulsion,  thus  allowing 
them  to  come  dose  enough  for  the  London-van  der  Waals 
forces  of  attraction  to  predominate  (5).  According  to  the 
Verwey  and  Overbeek  (5),  the  minimal  field  strength  nec¬ 
essary  for  this  purpose  (calculated  from  the  energy  of  par- 
tides  mteracuon)  is 

£  -  2F/3e(r 

A  third  hypothesis  assumes  that  secondary  processes 
taking  place  at  the  eiectrode  can  produce  ions  which 
coagulate  the  parades  by  discharging  them,  or  produce 
hydroxides  which  polymerize  and  adsorb  on  parucies. 
thus  holding  them  together  (6). 

In  the  previous  discussion  the  assumption  was  that  the 
particle  is  suspended  in  an  unDounded  fluid.  When  eiectro- 
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Fig.  1.  Egg-thaoed  ionic  ciauo  and  forces  acting  an  a  moving  particle.' 

phoresis  in  porous  structures  is  considered,  the  presence 
of  rigid  boundaries  affects  both  the  electnc  field  and  the 
velocity  of  the  particles.  According  to  Anderson  (7-9)  the 
effect  of  the  pore  wall  on  particle  velocity  is  threefold:  the 
applied  electnc  field  exerts  a  force  on  the  d.L  ai  the  pore 
wall  if  the  latter  is  charged.  Electroosmouc  Sow  of  the 
fluid  is  thus  produced,  which  either  augments  or  opposes 
the  electrophoretic  velocity  of  the  parade,  depending  on 
the  polarity  of  £,  us.  the  pore  wail  distorts  the  eiectnc 
flux  around  the  parade,  thereby  intensifying  the  locai 
electnc  odd  so  that  parade  velocity  is  augmented:  and  the 
pore  wall  creates  additional  viscous  stresses  in  the  fluid 
which  slow  down  the  parade.  A  more  detailed  analysis  of 
electrophoretic  penetration  is  given  in  another  report  on 
this  study  (10). 

Parameters  which  affect  electrophoretic  deposition  and 
penetration  are  zeta  potential  of  the  particles,  parade  sute. 
parade  concentration.  dielectric  constant  and  viscosity  of 
solvent,  electnc  field  strength,  and  time. 

In  this  work  the  feasibility  of  electrophoretic  deposition 
of  several  kinds  of  ceramic  parades  was  first  evaluated, 
after  which  the  effect  of  several  deposition  parameters  on 
the  amount  of  colloidal  SiO,  induced  into  the  pores  of  the 
substrate  was  studied. 

Experimental  Procedure 

The  deposition  and  impregnation  experiments  were  ear¬ 
ned  out  on  porous  graphite  substrates.  The  graphite  was 
UCAR  Grade  45.  with  48%  volume  porosity  and  an  average 
pore  size  of  60p_  Specimens  of  20  x  20  x  7  mm  were  most 
often  used.  The  ceramic  powders  deposited  were:  colloidal 
SiO»,  Pyrogenic  AerostL  submicron  with  a  specific  area  of 
450  nrig;  fused  SiO,  -  MOu:  SiC  -  <40o.;  and 
SiN  -  0.2-l.Ou-  The  ceramic  parades  were  susoended  in 
water,  isopropanoL  ethanoL  and  pentanoL  The  parade 
concentrations  were  3.  13.  and  30  gf\. 

Deposraon  was  earned  out  at  constant  voltage,  with  the 
current  decreasing  with  tune.  Electnc  field  strength  was 
varied  between  5  and  150  V/cm  and  deposition  time  De¬ 
tween  5  and  120  nun. 

Prior  to  deposition,  specimens  were  rrnsed  w-th  acetone 
for  5  mm  m  an  ultrasonic  bath.  After  deposition  they  were 
dned  in  air  for  24  h  before  exammaaon.  For  quantitative 
determination  of  the  impregnated  material  (colloidal  SiO, 
only)  specimens  were  weighed  before  and  after  deposition 
to  an  accuracy  of  0.1  mg.  in  this  case  the  external  deposit 
was  removed  physically  before  weighing.  As  a  cross¬ 
check.  the  amount  of  SiOi  induced  into  the  porous  struc¬ 
ture  was  determined  by  weighing  the  residue  after  burn- 
off  of  the  graphite  at  950*C  for  20  h. 


fig.  2.  “Green’'  deposit,  of  SiC.  SiN,  and  luted  SiO,  (from  left  to 
right)  on  graphite. 


Fig.  3.  Colloidal  SiO,  deposit  on  graphite. 


The  specimens  were  examined  by  optical  and  electron 
microscopy  both  on  the  surface  and  in  cross  section.  The 
cross  sections  were  00 tamed  by  fracturing  the  specimen 
after  removal  of  the  external  deposit 

Results 

A  macroscopic  view  of  deposits  of  SiC.  SiN.  and  fused 
SiO,  is  seen  m  Fig.  2.  The  deposits  were  m  a  "green "  state 
funsintered).  and  since  no  special  precautions  nad  been 
taken,  the  deposits  cracked  during  drying.  The  colloidal 
SiOi  formed  a  transparent  deposit  and  is  therefore  pre¬ 
sented  at  larger  magnification  in  the  SEM  (Fig.  3).  which 
shows  a  fluffy  feather-like  substance. 

The  presence  of  colloidal  SiO,  in  the  pores  of  the  graph¬ 
ite  was  demonstrated  by  examining  the  cross  section  of  a 
specimen  by  SEM  (Fig.  4)  and  mapping  the  Si  (Fig.  5)  on 
the  same  area.  Clusters  of  colloidal  SiO,  are  seen  inside  the 
cross  section,  the  distribution  of  elemental  Si  coinciding 
with  the  clusters. 

Figure  6  shows  the  skeleton  of  SiO,  which  remained 
after  bum-ofT  of  the  grapmte  at  90CTC  for  2  h.  Presence  of 
the  SiO,  in  the  cross  section  of  the  skeleton  is  seen  in 
Fig.  7. 

Quantitative  data  of  the  penetrated  SiO,  as  function  of 
solvent  properties  and  deposmon  parameters,  are  given  m 
Fig.  8-11.  The  amount  of  SiO,  is  expressed  as  weignt  per¬ 
cent  of  the  specimen. 

The  amount  of  penetrated  SiO,  as  a  function  of  the  rauo 
between  dielectric  constant  and  viscosity  of  the  solvent  is 
shown  m  Fig.  8  for  constant  field.  SiO,  concentraaon  m 


Fig.  4.  Colloidal  SiO,  clutter  mtide  Hie  porous  graptnte\*iew  o(  0 
cron  section). 


tcao 
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Fig.  7.  Cron  lection  ot  meieton  in  rig.  6. 


Tig.  5.  X-ray  mapping  far  Si  on  area  in  rig.  4. 


graphite  were  prepared  oy  fracturing  me  soecunens-  The 
presence  of  SiG-  lusters  in  the  cross  secaor.  is  evidenced 
both  morpnoiogicaily  m  Fie.  3  ana  by  micro  ana;  vs  is  n 
Fig.  4.  The  clusters  vary  in  sire,  possioiy  rebecnng  the  van- 


icivent  and  deposition  ate.  A  strong  influence  of  the  sol¬ 
vent  properties  is  revealed. 

The  aeoenaence  on  the  held  intensity  for  three  aifferer.t 
3iO»  concemrauons  ir.  water  anc  for  two  concentrations  in 
propanoi  is  given  m  Fig.  9.  To  eacn  concentration,  mere 
torresponos  an  optimal  f.eid.  The  5iO;  concentration  m 
the  solvent  affects  the  amour.:  of  penematea  SiO;  for  otn- 
erwise  identical  conaiuons:  tms  is  seen  in  Fig.  10  far  depo¬ 
sition  from  water  and  from  propanoi. 

The  effect  of  deposition  time  or.  the  amount  of  pene¬ 
matea  5:C-.  is  snovn  in  Fig.  11  again  for  deposition  from 
water  ar.c  from  propanol 

Discussion 

The  feasibility  of  depositing  oxide  and  nonoxide  ce¬ 
ramics  on  an  electrically  conductive  sucstrste  by  eiectro- 
pnoresis  is  demonstrated  m  Fig.  1. 

Charging  of  the  SiO;  parucies  is  prooably  the  conse¬ 
quence  of  dissociation  of  siianoi  groups  in  the  siiica 

— SiOK  -  OH  —  **5iO~  -  HjO 

The  cnarge.  thus  ootainea.  is  negative  ana.  in  fact  the  par¬ 
ities  migrate  towaras  the  anoae  m  the  eiectnc  circuit 
Charging  of  nonoxide  ceramics  tanes  Diace  prooabiy  via 
an  acscrouor.  mecnamsm.  with  SiC  acouinng  a  negative 
cnarge  and  depositing  or.  tne  anoae.  ana  SiN  acamruig  a 
positive  cnarge  and  aeposiung  or.  the  catnoae. 

The  cracits  m  the  coating  formea  during  drying  as  a  re¬ 
sult  of  snnrutage.  A  study  is  currently  unaer  wav  to  modify 
the  aryir.g  proceaure  so  mat  contraction  stresses  will  no 
minimized  and  cracKuig  prevented. 

Ir.  omer  to  verify  the  possibility  of  the  maucuon  of  ce¬ 
ramic  paracies  into  the  pores,  cross  sections  of  coated 


rig  6.  Sid,  Alien)"  ttiot  reroomj  after  gropnite  bum-art. 
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Fig.  10.  Amount  of  penetrated  SiOj  <n  a  function  of  its  concentration 
in  tfic  Mirant. 


ation  of  pore  size.  The  distribution  oi  elemental  Si  coin¬ 
cides.  as  expected,  with  cluster  locations. 

A  most  interesting  result  was  obtained  during  quantita¬ 
tive  determination  of  the  impregnated  SiO;-  It  was  found 
that  m  specimens  m  which  the  induced  SiOi  was  at  the 
higher  ieveis  (such  as  0.6-2.5%)  a  SiO;  skeleton  of  the  same 
shape  and  dimensions  as  the  original  specimen  remained 
after  removal  of  the  graphite.  Moreover,  the  presence  of 
the  SLO-  throughout  the  cross  section  of  the  skeleton  indi¬ 
cates  impregnation  of  the  whole  cross  section  of  the 
specimen. 

The  effect  of  solvent  properties  on  penetration  can  be 
predicted  from  the  theoretical  analysis  in  Ref.  (10).  Pene¬ 
tration  is  enhanced  at  large  Peclet  numbers 


9  - - l - 

o  :o  <o  40  so  109  i:o  :-o 


t(min) 

Fig.  11.  Effect  of  deposition  time  on  amount  of  penetrated  SiO-j. 


Penetranon  increases  with  deposition  time,  bu:  reaches 
a  plateau  after  a  period  which  depends  on  solvent  concen¬ 
tration  and  field  strength.  The  fact  that  the  plateau  is 
reached  before  full  impregnation  of  the  pores  is  probaoiy 
due  to  the  blockage  by  the  external  coating.  Thus,  the  ex¬ 
tent  of  penetration  could  be  increased  if  a  way  is  found  to 
prevent  surface  deposition. 

Conclusions 

A  variety  of  ceramic  materials,  both  oxides  and  nonox¬ 
ides.  were  deposited  electrophoreacaily  on  a  porous 
graphite  substrate.  In  addition  to  the  formation  of  surface 
deposits,  electrophoretic  induction  of  ceramic  particles 
into  the  porous  substrate  was  demonstrated. 

Quantitative  studies  of  the  amount  of  penetrated  mate¬ 
rial  as  a  function  of  deposition  parameters  were  earned  out 
for  colloidal  SiO-.  It  was  shown  that  penetration  is  en¬ 
hanced  by  a  high  dielectric  constant  and  low  viscosity  of 
the  solvent,  by  parade  concentration,  and  by  fieid 
strength.  Due  to  simultaneous  buildup  of  an  external  de¬ 
posit.  a  plateau  is  reached  in  the  extent  of  penetranon  as  a 
funcuon  of  tune,  prior  to  the  filling  of  the  whole  pore  vol¬ 
ume.  Prevention  or  inhibition  of  surface  deposition  would 
f-.vor  an  increased  extent  of  penetration. 
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where  V  is  the  parade  velocity,  b  the  mean  pore  radius, 
and  D  the  diffusion  coefficient  of  the  parucie.  The  electro- 
phoreac  velocity  is  proportional  to  t/n  of  the  solvent.  Four 
solvents  were  tested  with  t h\  ranos  ranging  from  4.2  for 
pentanol  to  81  for  water.  As  predicted,  the  amount  of  pene¬ 
trated  SiO-  increased  with  this  ratio  (Fig.  7). 

The  electric  field  has  a  dual  effect  on  the  extent  of  para¬ 
de  penecraaon.  Due  to  increase  of  the  parade  velocity  and 
Pedet  number  with  field  strength,  penetraaon  is  en¬ 
hanced  by  it  However,  the  field  also  enhances  the  build¬ 
up  of  an  external  deposit  on  the  substrate,  which  blocks 
penetraaon.  Therefore,  there  exists  an  optimal  field 
strength  (Fig.  8).  its  value  decreasing  with  increased  para¬ 
de  concentration,  because  of  faster  buildup  of  the  external 
coating  at  higher  coneentraaons. 

Penetraaon  increases  with  parade  concentraaon  both 
in  water  and  propanoL  At  low  field  strengths  (5  V/cmi  the 
retaaonsmp  is  linear  for  the  range  of  concentrauons 
studied  (Fig.  9). 
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ABSTRACT 

ZrO;  coatings  were  depos:cec  or.  graphite  and  titanium  from  2n  aqueous  solution  cased  or,  a  waier-sombie  precursor, 
i  two-step  mecnarusm  is  suggested  for  tne  ZrC-.  formation:  generation  o:  nyaroxy;  ions  iGK  ;  a:  tne  catnooic  suostrate  pv 
eouctior.  o:  NC»  anc  dissolved  0;.  and  tner.  reaction  of  the  nycroxy:  ions  witn  ctrcony;  ions  present  :r.  tne  solution  to 
arm  tne  hydroxide  ZriOH),.  wnicn  in  turn  aecomposes  on  drying  to  yield  zircoma  iZrO;..  Faraoaic  efficiencies  o:  20-.'07V 
cere  found,  attributable  to  reduction  reacoons  tnat  do  not  proauce  nycroxyi  ions,  as  weii  as  to  formation  o:  tne  .nvcroxiae 
sites  removed  from  tne  catnodic  suDstrate  aue  to  diffusion  of  the  hyaroxvi  ions.  The  effects  of  current  density,  ••me.  anc 
ivcrodyr.anic  conditions  on  crating  weignt.  ceil  voltage,  temperature,  and  pH  of  tne  solution  were  stucieo. 


Ceramic  coatings  are  currently  o:  much  interest  for  ap- 
iicatior.s  m  high-temperature  anc  severely  corrosive  en- 
ironments.  A  variety  of  metnods  are  avaiiaoie  for  their 
iroducuon.  including  piasma  spraying  (i.  3;.  chemical 
•apor  deposition  (CVD)  and  sputtering  (II.  and  soi-gei  pro- 
esses  (3-51. 

Formauon  of  ceramic  coatings  by  electrochemical 
neans  is  a  relatively  new  technique  and  has  been  de- 
cribed  by  Switzer  (6, 7)  in  application  to  svntnesis  of  ce- 
amic  fiims  and  powders.  It  presents  several  advantages 
wer  alternative  coating  techniques:  tne  thickness  and 
norphoiogy  of  the  deposit  can  oe  controlled  py  tne  elec- 
rocnemicai  parameters:  relatively  uniform  aeposits  are 
lotainaoie  on  complex  s.napes:  tne  deposruon  rate  is 
ugher  man  for  most  other  metnods.  and  the  equipment  is 
>f  low  cos:  (81  Oxides  and  hydroxides  (6-!0i  were  aepos- 
ted  by  a  redox  change  reaction  induced  or.  tne  anode.  For¬ 
mation  of  a  ceramic  oxide  tnxougr.  catnodic  reactions  was 
demonstrated  oruy  recently  by  Switzer  witr.  CeO-  and 
IrO;  coatings  (6.  7). 

in  the  present  work,  deposition  of  zircoma  iZ:0;)  from 
an  aqueous  solution  of  zirconyi  nitrate  (Zr0(N03;2  was 
itudied.  Tne  sequence  of  reactions  leading  to  oxide  forma¬ 
tion  is  expectea  to  oe  tne  following: 
hi  dissociation  of  the  zirconyi  salt  (1 1) 

ZrO(NOj);  —  ZrO"  -  2NOJ 

(ii)  hyarolvsis  of  the  zirconyi  ion 

ZrO"  -  HjO— •  ZrtOKk" 

(iiii  interaction  of  the  hydrated  cation  with  OH"  ions 
generated  at  the  catnode  py  reduction  reactions  descnDed 
further  on 

ZrtOH)j"  -  2  OH'  -  ZriOH), 

(m)  dehyaration  of  the  hydroxide 

ZriOHl,-  ZrO;  *  2K-0 

The  catnodic  reactions  mat  generate  OK"  and  their 
standard  and  equiiionum  potentials  calculated  with  the 
ajd  of  the  Nernst  equation  are 

<«)  O*  -  ZHjO  -  4e  5=  4  OH'  £„  =  0.401  V  NHE* 

£«,  =  1.019  V  NHE 
(at  25°C) 


'.assuming  a  concentration  of  £  m.giiie:  of  0- 

O*  -  4H*  -  4e  =  3K-0  £.  =  1.299  V  NHI 

-«  =  1.050  V  In.-: 
la:  pr*  =  2.3) 

(tn)  reduction  of  the  N07  ions 

NOj'  -  K.0  -r  2e  s=  NO;  -  2  OH"  E,  =  0.010  V  7  "KB 

E*.  =  0.99-  V  NHE 

(At  a  Q.1M  concentration  of  nitrate:  the  concentrauon  of 
NO;  is  assumed  to  be  half  of  that  of  OH"  derived  from  tne 
pri  of  the  solution.) 

(vti)  reduction  of  K;0 

2H:0  -  2e  =  K;  -  2  OK’  Z,  =  -0.228  V  NKF 

Z„  =  -0.165  V  NHE 

The  anodic  reaction  wmch  occurs  simultaneous: is 
K;0  = 1/2  O;  -  2H-  -  2e 

Thus,  the  hydroxide  may  form  in  two  successive  steps: 
eiectrocnerrucai  generation  of  OH',  anc  a  enemies,  reac¬ 
tion  between  tne  latter  anc  me  circor.y;  cauons.  Tne  pres¬ 
ent  paper  aesenpes  the  effects  of  me  eiectrocnemicai  aeo- 
osition  parameters  on  me  formauon  rate  o:  me  ZrO; 
coaungs. 

Experimental  Procedure 

The  deposits  were  ODtained  on  two  different  sussirates. 
prepaxec  in  me  form  of  2  x  10  *  20  mm  specimens:  u?  po¬ 
rous  graphite  (UC  graoe  45)  and  (ii)  commercially  pu. .  - 
tanium  (ASTM  B-265-5ST).  The  grapmte  specimens  were 
polishea  with  a  1000  gnt  SiC  abrasive  paper,  and  the  T: 
piates  maemned  and  the  .  polished  with  183  gnt  paper.  .411 
specimens  were  men  rinsed  with  etnano.  in  m  ultrasonic 
bath,  men  washed  with  distilled  water  anc  cried  m  air. 

The  electrolyte  used  was  a  0.1. V  aoueous  solution  of 
ZrO(NOj);  •  nK,0,  with  an  iruual  pH  value  of  2.3. 

A  power  supply,  Hipotrorucs  801-1A.  was  used,  and  cel! 
voltage  anc  current  were  measured  with  AVOmeters 
Polarization  curves  were  ootamea  with  a  PAR  Mode,  270 
potentiosiai  Deposits  were  ootamed  a:  curren:  aensiues 
ranging  from  15  to  100  mArcmn  and  durations  of 
10-50  mm.  it.  me  course  of  wmch  tne  cei.  vollase.  me  pH. 
anc  temperature  of  tne  solution  were  measured.  Most  ex- 
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Fig.  1 .  Cothogic  poionxotnw  curvet  tor  graohite  in  0. 1 M  ZrOtNO,), 
nH,0,  at  2  mWt  scon.  Stirred  n.  unsrined  solution. 


pertinents  were  performed  without  sumng.  some  with 
sttrnng. 

The  deposits  were  dried  in  air  at  room  temperature. 
Coating  weights  were  determined  by  weigmng  the  speci¬ 
mens  before  and  after  aeposiuon.  within  ar,  accuracy  of 
=  0.05  mg.  Some  of  the  deposits  were  submitted  to  sinter¬ 
ing  treatments,  for  micros-ructural  studies  reported  in 
Par.  II  of  this  senes  (12). 

Results  and  Discussion 

The  results  described  below  refer  only  to  the  graphite 
specimens.  Cathodic  polarization  curves  for  the  graphite 
vs.  saturated  ealomei  electrode  (SCE)  in  O.lAf  ZrOfNOj); 
are  shown  in  Fig.  1. 

For  the  unstirred  solution,  two  polarization  regions  were 
observed,  representing  reduction  reaction  associated  with 
acuvauon-  anc  concentration-type  polarization  regimes, 
respectively.  Due  to  tne  limitations  of  the  potenuostat 
(limited  to  -4  V).  the  maximal  current  density-  tc.d.i 
achieved  was  limited  to  55  mA/cm-  Tne  curve  ootaineri  for 
tne  surred  solution  does  not  show  domains  of  limited  c.a. 

In  Keeping  with  the  order  of  the  electrochemical  poten¬ 
tials  of  the  various  reduction  reactions,  the  first  reaction  in 
the  polarization  curve  is  probably  a  reduction  of  dissolved 


Fig.  3.  Coofmg  weight  ot  function  of  deposition  time  tor  various  eui- 
rent  dentines. 

0;.  overlapping  parually  the  second  reaction  wmch  is  re¬ 
duction  of  the  NO,  ions.  The  third  reaction  tailing  piace  a: 
c.d.'s  above  55  mA/cm*.  is  expected  to  be  reduction  of  H’ 
Tne  discrepancy  between  the  theoretical  potenuais  anc 
the  values  in  the  polarization  curves  are  attributed  by  ove.-- 
potenuais  inherent  to  the  substrate  and  onmic  overpoten- 
uals  due  to  r.ydroxide  deposit. 

Tne  dependence  of  coating  weight  on  the  e.d.  for  a  con¬ 
stant  deposition  ume  of  60  mm  is  Shown  in  Fig.  2.  .As  couic 
be  expected,  weignt  increases  with  curren:  aensity,  anc 
the  observed  three  modes  of  dependence,  apparently  re¬ 
flect  the  three  cathodic  reactions. 

Tne  first  pan  of  the  curve  (low  c.d.'s  of  0-15  mA-cm:'  is 
characterized  by  a  relatively  moderate  (low  aeposiuor. 
rate)  slope  (0.7  mg  ■  cm:;mAi.  associated  with  a  low  genera¬ 
tion  rate  of  OH"  from  reduction  of  O.  isee  Fig.  1).  Tne 
steeper  siope  m  the  second  pan  (15-75  mA/ctr.y  represents 
a  higher  rate  of  deposit  formauon.  associated  with  a  r.ign 
rate  of  OH*  generauon  from  tne  reduction  of  NO;.  Tne 
third  pan  (75-100  mA/cm-!  is  again  associated  with  a  rela¬ 
tively  moderate  siope.  due  in  this  case  to  onset  of  reduc¬ 
tion  of  H'  ions  to  form  H,.  a  reacuon  that  does  not  produce 
OH'  ions,  and  hence  does  not  contribute  to  aeposi:  fcr- 
mauon. 

The  dependence  of  coating  weight  on  aenosiuon  time 
tor  two  different  c.d.'s  is  snown  m  Fig  3.  Coating  weight 
increases  with  ume  m  a  aeceieraung  manner  Stirring  i: 
seen  to  cause  a  significant  reaucuon  in  the  deposition  rate 
(Fig.  4).  probably  by  facilitating  migrauon  of  OK'  from  tne 


Fig  2.  Coating  weight  at  function  of  current  dentitv  for  confront 
deposition  time  ot  60  min. 
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Rj.  5.  Coating  weight  at  function  of  clactne  charge.  Theoretical  rs. 
experimental  result!. 


Fig.  7.  Solution  temperature  at  function  of  deposition  time  for  ran. 
out  current  densities. 


cathode  unto  the  bulk  of  the  solution,  so  that  the  hydroxide 
formed  does  not  accumulate  on  the  cathode. 

At  high  c.d."s  (above  75  mA/cm3),  "strings”  of  gas  bub¬ 
bles  were  observed  after  a  certain  time,  emerging  from  the 
surface  of  the  coated  substrate  and  demonstrating  the  re¬ 
duction  ofH'  toHj. 

The  faradaic  efficiency  is  relatively  low  and  is  presented 
in  Fig.  5  as  the  actual  coating  weight  compared  with  the 
theoretical  weight,  assuming  that  the  eieeu.c  charge 
served  exclusively  for  generation  of  OH'  :ons.  It  was  also 
assumed  that  all  electrosynthesized  ZrO:  t  eposited  on  the 
substrate.  The  deviation  of  the  actual  coating  efficiency 
from  the  theoretical  values  may  be  attributed  due  to  the 
following  possible  phenomena:  (i)  Charge-transfer  reac¬ 
tions  that  do  not  produce  OH"  ions,  (til  Consumption  of 
OH'  by  H*  ions  present  in  the  original  solution  and  gener¬ 
ated  at  the  anode,  (iii)  Undeposited  ZifOHh  formed  in  the 
bulk  of  the  solution. 

The  dependence  of  cell  voltage  on  deposition  time  for 
different  c.d.'s  is  shown  in  Fig.  6.  The  voltage  is  seen  to  in¬ 
crease  with  c.d.  for  a  constant  deposition  time.  At  higher 
current  densities,  the  voltage  stabilizes  at  shorter  times. 
This  behavior  is  related  to  the  mechanism  of  the  coaung 
formation.  In  the  initial  stage  of  the  coating  process,  the 
cathodic  substrate  is  conductive  and  OH'  ions  are  gener¬ 
ated  over  its  entire  surface.  Due  to  the  porosity  of  the  sub¬ 
strate.  a  porous  coating  is  initially  formed.  As  the  coating 
process  progresses,  the  deposit  becomes  denser  and 


thicker,  and  its  electrical  resistance  increases,  with  the  at¬ 
tendant  increase  in  both  cell  voltage  and  solution  tempera¬ 
ture.  The  change  in  electric  resistance  is  responsible  in 
pan  for  the  accentuated  limiting  c.d.'s  and  the  relatively 
high  potentials  observed  in  the  cathodic  polarization  curve 
of  the  unstirred  solution  (Fig.  1).  After  a  certain  time,  the 
cell  voltage  reaches  a  maximum,  but  the  deposit  continues 
to  form  while  undergoing  local  breakdowns  manifested  in 
“strings”  of  gas  bubbles.  These  breakdowns  create  sites  of 
stronger  reduction  currents,  which  in  turn  enable  the  de¬ 
posit  process  to  continue  without  further  increase  in  the 
cell  voltage.  The  deposit  thus  consists  of  two  layers  jsee 
Fig.  1  in  Ref.  (12)]:  a  thin  dense  layer  formed  in  the  first 
stage  and  a  relatively  thicker  one  formed  m  the  second. 
The  morphology  of  the  deposit  is  in  agreement  with  the 
proposed  mechanism  for  formation  of  thick  coatings. 

The  dependence  of  solution  temperature  on  deposition 
time  is  shown  in  Fig  7.  at  various  c.d.'s.  It  is  seen  that  ini¬ 
tially  (for  the  first  10  min  or  so),  the  temperature  level 
varies  within  a  fairly  narrow  range,  irrespective  of  the  c.d.: 
but  in  the  longer  run  it  rises  drastically— the  higher  the 
c.d..  the  steeper  the  nse.  This  thermal  effect  is  due  to  the 
increase  in  eiectnc  resistance,  caused  by  formation  of  the 
deposit. 

The  temperature  increase  may  affect  the  diffusion  rate  of 
OH'  away  from  the  cathode  and  that  of  ZrtOHV*  toward 
it.  Thus,  it  would  be  desirable  to  control  the  temperature 
during  the  coating  experiments  by  stirring  the  soluUon. 


Amumi. 


Rj  8  pH  o*  I.',  .0..  -i  function  ui  imposition  tim*  tor  various  cur¬ 
rant  dnnsitin*. 
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This,  however,  would  interfere  with  deposit  accumulation 
on  the  cathode.  Coating  weight  of  nickel  hydroxide  was  re¬ 
ported  (13)  to  be  unaffected  by  moderate  agitation  of  the 
concentrated  solution.  In  this  regard,  coating  weight  is  ex¬ 
pected  to  be  influenced  when  iow-concentration  solutions 
and  severe  stirring  conditions  are  used. 

The  ume  pattern  of  the  pH  level  of  the  solution  is  shown 
in  Fig.  8.  Below  40  mA/cm\  the  pH  varied  little,  but  at 
higher  c.d.'s  significant  decreases  were  observed  already 
from  the  outset-  It  should  be  mentioned  that  the  pH  was 
measured  in  the  bulk  of  the  unstirred  solution:  local  read¬ 
ings  at  the  cathode  may  show  an  increase  in  pH  due  to  the 
OH"  ions.  The  explanation  may  be  that  the  pH  as  meas¬ 
ured  was  governed  by  the  H"  ions  generated  at  the  anode, 
since  the  OH'  ions  formed  at  the  cathode  were  used  up  in 
deposit  formation  without  contributing  to  the  resultant  pH 
of  the  bulk  solution. 

The  present  work  demonstrated  the  potentialities  of  the 
electrolytic  method  for  producing  ZrO;  coatings,  with  rela¬ 
tively  easy  control  of  their  thickness.  However,  it  is  neces¬ 
sary  to  control  the  drying  stage  in  order  to  achieve  sound 
and  crack-free  coatings.  Optimal  conditions  for  the  forma¬ 
tion  of  ZrO;  coatings  are  low  current  densities  and  short 
coating  times,  in  new  of  the  nonconductive  nature  of  this 
oxide. 
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ABSTRACT 

Zircoma  coatings  were  formed  on  graphite  and  titanium  substrates  by  electrodeposition.  The  as-deposited  coatings 
were  amorpnous  and  cracked  during  the  drying  stage.  Sintering  of  the  coatings  on  tne  graphite  substrates  caused  crystal- 
lization.  with  formation  of  a  variety  of  mixtures  of  the  tetragonal  and  monoclmic  ZrO;  polymorphs  having  nanosize  crys¬ 
tallites.  Oxidation  of  the  Ti  substrate  and  reaction  with  zircoma  during  the  heat-treatment  resulted  in  addition  10  a  micro- 
structure  resembling  ceramic  composite  coatings. 


Ceramic  functional  coatings  on  metallic  and  ceramic 
substrates  are  currently  under  extensive  investigations. 
An  electrochemical  route  based  on  an  electrophoretic  pro¬ 
cess  has  been  applied  largely  for  ceramic  coatings  (1-4). 
Since  this  technique  makes  use  of  a  ceramic  powder  sus¬ 
pension.  the  final  rrucrostructure  of  the  coating  is  strongly 
influenced  by  the  powder  characteristics.  The  thin-film 
Sol-Gel  technique  (5)  and  electrolytic  deposition  of  ce¬ 
ramic  coatings  directly  from  an  aqueous  solution,  de¬ 
veloped  recently  (6-10),  enable  control  of  coating  composi¬ 
tion  and  rrucrostructure  through  the  chemical,  elec¬ 
trochemical,  and  firing  process  parameters. 

The  present  paper  deals  with  microstructural  evolution 
of  the  electrolytically  formed  zircoma  coatings  or.  two 
types  of  substrates:  graphite  and  titanium.  Although  from 
the  technological  point  of  view  these  substrates  were  con¬ 
sidered  to  be  equally  important,  their  chemical  reactions 
with  the  zircorua  coating  are  expected  to  differ  signifi¬ 
cantly.  and  thus  evoive  various  microstructures  within  the 
fired  coating. 

Experimental  Procedure 

The  details  of  the  substrate  materials,  chemical  solution, 
and  the  electrochemical  coating  parameters  were  oe- 
senbed  in  Part  2  of  this  series  111). 


The  deposits  formed  on  the  substrates  were  dried  in  air 
at  room  temperature.  Firing  was  earned  out  at  400  and 
600°C  in  air.  and  at  900*C  In  argon  for  1  h  for  the  graphite 
substrates.  The  coated  titanium  substrates  were  fired  at 
780*C  for  1  h  in  air. 

"  The  microstructure  and  composition  of  the  zircorua 
coatings  were  characterized  after  the  different  stages  of 
the  process,  using  optical  and  scanning  electron  micros¬ 
copy  (SEM)  (Model  JSM-84G).  equipped  with  energy- 
dispersive  spectroscopy  (EDS).  The  phase  content  and  the 
crystallite  size  were  determined  by  x-ray  diffraction  (XRD) 
with  a  diffractometer  (Model  PW-1820)  operated  at  40  kV 
and  40  mA.  using  monochromatized  Cu  k-alpha  radiation, 
at  a  scanning  speed  of  0.4  (degreeminj. 

Results  and  Discussion 

The  as-deposited  coatings  appeared  as  a  transparent  vis¬ 
cous  fluid,  especially  at  high  current  densities  and  long 
coating  durations,  where  thick  deposits  were  visually  ob¬ 
servable.  In  situ  microscopical  observations  showed  de¬ 
velopment  of  cracks  within  the  coating  layer  on  graphite 
during  the  drying  process.  The  wet  deposit  contained 
many  bubbles.  During  drying  some  of  the  bubbles  coa¬ 
lesced  to  form  larger  ones,  while  otners  were  expelled 
from  tne  deposit  and  migrated  to  its  sunace  The  buobles 
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Fig  2  SEM  images  ot  deed  income  coatings  on  Tt  showinc  tne 
"crocked-mud"  motpnoiogv  Inn  teotureiess  surface  motonoiogv  is 
characteristic  ot  the  amorphous  nature  o'  the  coating  t b !  At  higher 
magnifications,  no  drying  pools  ore  visible  in  coatings  on  7i 


Fig.  i  SEM  images  of  dried  zircoma  coatings  on  gropnite  resemble  o 
"crocked-mud"  morphology  both  tor  so)  thin  coating  {25  mAjcm*  tor 
15  mint  ond  ( b>  thick  coating  {25  mA/cm*  tar  75  mini.  Thick  coatings 
are  often  composed  ot  tyro  lovers  tcJ  Cross  section  snows  penetration 
of  the  coating  into  pores  ot  the  grapmte 


resulting  from  tne  drying  process  were  ocserved  only  for 
crapnite  substrates  ana  presumably  result  from  entrappea 
eases  within  pores,  wmen  are  no:  present  ir,  T;  substrates, 
during  the  dmns  process  discontinuities  formed  within 
-he  coating.  wmch  became  a**eo  cracKS  toward  the  end  of 
•be  process.  The  resultant  coating  layer  nad  a  ••cracKed- 
mud"  appearance  tas  shown  in  rig  1  and  2t.  irrespective  of 
’■■be  substrate  material,  ir.  both  systems,  tne  nonunuorm 
"ontraction  of  the  wet  coating  was  attributed  to  these  sur¬ 
face  microeracKs. 

The  coating  weienl  ana  tnu:  its  thicrtness  was  lound  to 
incroa5e  Witn  increase  tup  to  certain  values1  of  the  current 
"“•nsitv  and  the  coaling  auration  Thicker  coatings  snowed 
•irenr  lsi.-jnas  lr,  mg  cracKea  mug  mornnoiocv 
■  sick  rnalincs  'Over  !  urm  on  in'-  era  on  it':  suristrates 
M'-o  '-'insisted  o*  r-A-o  i.r-'-r'  tr."  upper  iaver  r."-;nc  tnicr.'-r 
1  "■  ■  ■  rr. posed  n:  '  '  ar  -e' :  .ar.cr  fic  Tr.ese  (avert;  are 
"  •■'•'!  to  torn  o  on  nr  dirierent  stare:,  or  tne  roar  ini'  pro 


cess,  as  discussed  in  Ref.  (Hi  SEM  observation  of  the 
coating  cross  sections  nave  cteariv  snown  tne  coating 
build-up  at  the  surface  Dorosity  Fig  i c  < 

X-ray  diffraction  patterns  of  the  dr.-  as -depositee 
coatings  and  of  the  tired  coatinns  are  snown  :r.  Pic  ana 
for  the  crapnite  ana  titanium  substrates  res;  ective:-.  T..-. 
coaling  iavers  beiore  bring  nave  tne  tvpica:  pattern 


50*~ 
*3- 
20- 
05- 
“*Ck~ 
:  ’5rn 


? 40*  J  * 


•nc- 


-  « 30— 

rr  *3°" 

-  iw- 


’..10- 


f-iq  3.  X-rav  diHrcctto*  f>ortcrn  0»  nrroma  coofmos  on  QtoDmte  <o' 
AmorDhous-tvpi?  Droaoenec  Deo*  tro'r  rnc  os-df?oosi^e<3  coa*mc  ona 
vnofD  OCa«  ♦rom  fne  aroomte  iom  iuourotp  it  Rejections  fforr  tne  tr- 
Ttanonoi  HI  and  monocumc  Ini  ooivfrorptn  are  cnaroctertst»c  o’  tne 
Z’Oj  toattnQi.  stntpree  n*  NX)  C  H'  5  ^ 


1944 


J.  Electrochem  Sac..  Vo!  138.  No.  7.  July  1991  C  The  Electrochemical  Society  inc 


1 
b  I 


-  HiS 

£■•4, 


;  WU 


llil; 


IA0*. 
LM*> 
•  30*- 
■  O0t- 


! 


H  1  - 

I  w 


^»«l— *  , 


.'DO  JQO  «o  D  DOS  too 

2  *  THETA  (aegree) 


Fig.  4.  X-ray  diffraction  pattern  of  zirconia  coatings  on  Ti.  (a)  Ab¬ 
sence  of  sharp  reflections  from  a  deposited  coating  indicates  on  its 
amorphous  nature,  (bj  Typical  reflections  from  aipho-Ti,  TiO:  (rutife- 
R),  ZrOj  ftetragonal-t  ond  monocfimc-m)  and  various  nrcomum  ti- 
lonettt  (ZT)  ore  seen  tor  coatinns  sintered  at  780'C  for  I  h. 


amorphous  zirconia.  m  which  a  broadened  amorphous- 
type  peak  appears  around  the  angle  28  -  30  degrees 
(Fig.  3a  and  4a).  irrespective  of  the  substrate  material.  This 
finding  is  consistent  with  the  relatively  smooth  and  fea¬ 
tureless  morphology  of  the  as-deposited  coating  surfaces 
(Fig.  1  and  2). 

Firing  induced  a  different  phase  evolution  and  morphol¬ 
ogy  in  these  substrate/coating  systems  as  was  expected, 
and  the  resulting  fired  coaungs  were  opaque.  The  micro- 
structure  of  the  coating  on  the  graphite  substrate  was  char¬ 
acterized  by  fine  equiaxed  submicron  particles  (Fig.  5i. 
These  particles  were  identified  as  a  mixture  of  tetragonal 
(f!  and  monoclimc  uni  polymorphs  of  zircoma  (Fig.  3b). 
based  on  the  1111)  and  {400)-type  reflections.  The  line 
broadening  of  the  fill  (-type  reflections  was  used  to  calcu¬ 
late  the  crystallite  size  of  the  polvmorpns  with  the  aid  of 
the  Schemer  equation  (12).  assuming  no  strain  effects  due 
to  the  substrates.  (This  assumption  was  based  on  the  simi¬ 
lar  line  broademngs  m  XRD.  which  have  resulted  from  the 
same  zircoma  coating  before  and  after  spallation  from  the 
graphite  suosirates.)  The  volume  fractions  of  the  two 
phases  (t  and  m)  were  determined  through  the  "poly¬ 
morph"  equation  as  corrected  by  Porter  and  Heuer  (13). 

The  crystallite  size  was  found  to  be  2  and  12  nm  for  the 
400  and  600”C  treatments,  respectively,  with  the  poly¬ 
morphs  indistinguishable.  By  contrast,  treatment  at  900°C 
for  1  h  m  argon  resulted  in  crystallite  sizes  of  25  and  20  nm 
for  the  tetragonal  and  monocknic  phases,  with  volume 
fractions  of  15  and  857c.  respectively.  These  size  data  indi¬ 
cate  that  the  SEM  image  (Fig.  5)  represents  zircoma  aggre¬ 
gates. 

Firing  of  the  zircoma  coatings  on  grapmte  substrates  at 
the  various  temperatures  led  only  to  crystallization  of  the 
amorpnous  coating.  According  to  the  Ellingham  diagram 
(14),  graphite  oxidizes  under  the  present  5 ring  conditions 
to  form  CO  gas,  but  no  reaction  with  the  zircoma  is  ex¬ 
pected  to  occur.  Formation  of  undoped  zircoma  via  solu¬ 
tion  by  different  techniques  and  crystallization  of  the  low- 
temperature  polymorphs  of  zircoma  by  finng  at  the  rela¬ 
tively  low  temperature  are  well  documented  in  the  litera¬ 
ture  (15-17).  The  presence  of  the  t  polymorpn  is  related  pri¬ 
marily  to  the  crystallite  size  effect  (18.  19).  by  wmch  the 
tetragonal  phase  mav  be  retained  metastaoiv  at  room  tem¬ 
perature  The  crystallite  sizes  of  the  tetragonal  phase  pres¬ 


Fig.  5.  SEM  image  of  sintered  (600*01  h)  rircoma  coating  on  gropn. 
ite.  The  submteron  particles  represent  oggregates  constituting  a  mu. 
turn  of  terroganal  and  monoclimc  polymorphs  of  zircoma. 


ent  witmn  the  coating  (12-25  nm)  matched  well  with  the  re¬ 
ported  particle  sizes  for  similar  calcination  treatments 
(14-28  nmi  (16).  the  range  within  wmen  this  polymorpn 
exists. 

The  zircoma  coating  on  the  Ti  substrates  exhibited  a  to¬ 
tally  different  inner  microstructure  after  firing.  Oxidation 
of  the  metallic  titanium  aunng  tiring  resulted  in  the  origi¬ 
nal  spaces  between  the  cracKS  in  the  coaung  layer  being 
filled  by  the  growing  titanium  oxide  (Fig.  6).  Microenem- 
ical  EDS  analyses  of  the  various  features  of  the  coaung 
(see  Table  I).  and  elemental  mapping  for  Ti  (Fig.  6di  con¬ 
firmed  the  Ti-nch  nature  of  the  polycrysiaihne  phase  oe- 
tween  the  zircoma  islands.  An  appropriate  x-ray  diffrac¬ 
tion  pattern  from  this  specimen  (Fig.  4b)  contained 
reflections  of  TiO;  in  the  form  of  rutile.  ZrO.  with  the  te¬ 
tragonal  and  monociinic  phases,  and  additional  reflections 
comcident  with  those  of  the  Zr0>Ti«,Oou.  Zr0TzTi«aO0a. 
and  Zr01TiejOoj3  hexagonal  phases  (20).  In  this  case  at  a 
firing  temperature  of  780*C.  stable  utamum  oxide  grows 
due  to  oxidation  of  a  parabolic  type  (21.  22).  Furthermore, 
oxidation  of  Ti  at  this  temperature  occurs  mainly  by  diffu¬ 
sion  of  Ti  rather  than  that  of  oxygen  tnrough  the  growing 
oxide  layer,  a  circumstance  which  favors  formauon  of  the 
low-oxygen  titanium  zirconate  phases  The  voiume  frac 
lions  of  the  tetragonal  and  monociinic  phases  in  these 
coaungs  were  calculated  to  be  37  and  637c.  and  their  crys¬ 
tallite  sizes  26  and  25  nm.  respectively, 

.Although  the  pH  of  the  mother  solution  was  inten¬ 
tionally  adjusted  for  work  in  the  cathodic  regime,  it  aiso  af¬ 
fects  the  relative  stabihtv  of  the  zircoma  polvmorpns-  In 
this  regard,  the  raUo  of  the  Pm  phase  content  after  cal- 
cinaUon  at  400-600’C  was  reported  (23)  to  increase  at  dH 
values  above  10  and  below  6  for  the  zirconvi  nitrate  soiu- 
uon  from  which  the  zircoma  ge!  was  precipitated.  Again. 


Table  I.  EDS  composition  results  for  ceramic  coating  on  Ti 
substrates.* 


MicrostructuraJ 

feature 

CbermcaJ  composition 
<moie  percent t 

Zr  T: 

Romanes* 

Zircoma 

48.0 

52.0 

PI  tn 

island  center 

59.0 

41.0 

Fig.6e 

'.reacted  regions) 

65.0 

25.0 

69  0 

31.0 

76.0 

24.0 

Zircorua 

730 

27.0 

P2  in 

island  penpherv 

85.0 

’.5.0 

Fig.  6* 

<nonreacted  regions; 

87.0 

;3.o 

Oxidized  repons 

9  0 

9i  0 

P3  m 

between  zircoma 

00 

:oo.o 

Fig  Se 

islands 

0  0 

100  0 

*  Tired  a!  780*C  for  1  h  in  air. 

'  Examples  for  the  anaiyzea  regions 
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F«g  6  SEM  imaqes  ot  sintered  zircomo  cootmas  or  7»  sncwma  to'- 
motion  ot  TiO?  at  the  crocks  between  the  nrcoma  isionds  :c.  A? 
and  (b)  hiqnet  maormicottons.  the  toDoqroonr  ot  tne  mocmntno  grooves 
•s  visible  ic  At  the  bottom  ot  groove*  BG."  thr  nO;  crv*fa:s  a'c~ 
onW  between  the  nrcoma  islands  id-  Ti  elemental  mappma  o*  :  «. 

At  the  top  ot  groove*  "TG."  TiO^  crvsroi*  qrov»  ono  Durv  ton  zircon. c  >v 
lands  isee  text  for  turther  details) 


u*n#*r^  'mm  nan  son  possioie.  the  measured  .*  crystallite 
size  ’  26  nmi  and  tne  tm  pnase  ratio  (37  C3  have  snowed 
Rood  niatcn  to  tne  reoortea  values  [22  nrr.  and  40  60.  re- 
sp<»ct!v*>iv  1 24 !  ir.  a  similar  solution  tpH  -  Oi  ana  cal¬ 
cination  condition  i o  The  effect  oi  pH  on  stabilization 
f;*  tne  7.:reor.:a  Dsivmnrans  was  sD^uiat^tl  V-  pc  ooir.  nv 
^Placement  oi  tnr>  incorporated  an; on;  :>y  *-itner  Oil  ■ 

1 '  *  a/i-a  pH  ;3f,:.*<*rr jf*nt  transiormations  ot  r.vuroxv;  1: 
iMnas  it,  nr;  acini:  rynroxyi  groups  to  briuemu  oxiae  tons 

urtace  ft.  :cro  structure  o*  the  coatinc  iay<*r  or.  Ti 
v.-.a  acr>em»*nt  on  tr.ecoaunc  trucKnesr-  prior  n 
*;nnr  At  .  »r;juonr  w;tr.  create:  coal  me  tn;  CK.no::  ties « *  v  at 
bottom  t>;  tne  inacniniru:  grooves).  titanium  nxxie 
growth,  war  ron»m,*a  •  *  tn#*  imp'-  between  trie  it- 


Vic.  4b>.  Trips,  direct  oxidation  -c  the  cra?K  .  ;.r:a 
t  mother  wur.  crystallization  ana  chemical  rejction  : 
oaunc  witn  tne  metallic  matrix  at  me  isianasuLstratv  iu 
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Fig.  8.  $£M  image  of  the  scratch  trace,  showing  high  density  at  mi- 
crocracks  at  the  smeared  regions,  perpendicular  to  the  scratch  di¬ 
rection. 


Fig.  9.  SEM  images  showing:  (a)  Typicol  coating  cross  section  where 
fine  TiOj  crystals  grew  around  the  urconio  islands,  accompanied  by 
shrinkage  and  bending,  (b)  Debonding  at  the  coatingisubstrote  inter¬ 
face  results  in  dimpled  fracture  surfaces. 


terfaces.  form  the  composite  morphology  of  the  zirconia  is¬ 
lands  embedded  in  the  TiO-  matrix. 

In  many  cases,  traces  parallel  to  the  periphery  of  the  zir¬ 
conia  islands  were  observed  on  the  titanium  oxide  layer,  as 
shown  by  the  single  arrows  in  Fig.  7.  [These  traces  could 
be  identified  as  the  original  contours  of  the  zirconia  islands 
pnor  to  firing,  since  some  broken  pieces  from  the  edges  of 
the  original  islands  were  buried  and  left  at  these  locations 
(double  arrows  in  Fig.  7).]  By  this  means,  the  firing  shrink¬ 
age  of  the  coating  was  estimated  to  be  of  the  order  of 
-20%.  assuming  a  similar  percent  shrinkage  for  the  third 
dimension  of  the  coating  thickness. 

The  diamond  Vickers  microhardness  of  the  coating  on 
the  Ti  substrates  has  an  average  value  oi  520  ke-mm- 
Scratches  were  aDpiied  manualiv  to  the  coating  surface 
with  a  diamond  maentor  in  order  to  qualitatively  charac¬ 


terize  the  adherence  and  brittleness  oi  the  composite 
coating  layer.  A  typical  trace  of  one  of  these  scratches  is 
shown  in  Fig.  8;  it  exhibits  a  nigh  density  of  mierocracKs 
perpendicular  to  the  scratch  direction.  The  presence  of 
these  microcracks  in  the  smeared  region  indicates  nea\-v 
deformation  of  the  material  by  the  indentor.  Moreover, 
some  regions  of  the  coating  near  the  scratch  trace  were  ae- 
bonded  from  the  substrate  (Fig.  9).  This  aebonding  oc¬ 
curred  by  crack  propagation  either  through  the  coating  or 
at  the  substrat&'coating  interface.  In  the  latter  case,  tr.e 
fractured  surface  was  composed  of  very  tine  dimples.  ind;. 
eating  some  ductility  at  the  interlace. 

Finally,  the  qualitative  scratch  test  of  the  coaur,_  and  its 
debonding  behavior  indicate  relatively  good  adhesion  to 
the  Ti  substrate.  In  this  regard,  the  cneirucal  reactions  be¬ 
tween  substrate,  coating,  and  atmosphere  aeiemune  me 
microstruetural  evolution  within'the  coating.  Tne  charac¬ 
teristic  microstructure  which  resulted  from  these  reac¬ 
tions  is  similar  to  those  of  transformation  to-  ignenea  zirco¬ 
nia  composites,  and  may  be  considered  for  aesign  of 
wear-resistant,  oxidation-resistant  and  thermal  barrier 
coating  applications. 
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Electrophoretic  deposition  of  ceratiic  coatings  on  porous  graphite  and  on  a  2D  C-C  composite 
was  studied  using  colloidal  and  fused  Si02,  SiC  and  SiN.  It  was  shown  that  all  these  ceramic 
materials  acquire  an  electric  charge  *ence  deposit  mder  the  influence  of  the  electric 
field.  In  addition  to  *;ie  formation  of  a  surface  deposit,  the  induction  of  particles  into 
the  pores  of  porous  grr.phite  was  demonstrated.  The  effects  of  deposition  voltage,  solvent 
properties  and  particle  concentration  on  penetration  were  studied  by  examination  of  cross- 
sections  in  the  SEtf  -nd  by  quantitative  analysis  of  induced  Si02.  Ceramic  deposits  of  Ce02, 
Zr02  and  AloOj  v/er  formed  on  graphite  and  2D  C-C  by  an  electrochemical  reduction  of 
aqueous  solution?  containing  inorganic  salts  of  the  appropriate  metals. 
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CHPATER  - 1  -  NTRODDCTION 

The  pxesent  report  summarizes  the  work  performed!  in  the  first 
stage  of  the  project. 

The  final  objective  of  this  project  is  to  develop  a  method  for 
coating  and  impregnation  of  carbon-carbon  composites  with 
ceramic  materials  so  as  to  enable  their  application  m 
oxidising  atmospheres  at  elevated  temperatures. 

The  basic  concept  of  the  program  is  to  utilize  the  phenomenon 
of  electrophoresis,  which  has  been  so  far  applied  extensively 
in  biological  systems,  for  the  displacement  of  ceramic 
particles  and  their  deposition  on  the  C-C  substrate.  The 
electric  conductivity  of  the  C-C  enables  its  functioning 
as  an  electrode  in  an  electric  circuit  in  which  a  high 
strength  field  is  applied  generating  the  motion  of  the  charged 
ceramic  particles.  Moreover,  it  is  expected  that  the 
high  strength  field  will  facilitate  the  penetration  of  the 
fine  ceramic  particles  into  residual  pores  and  cracks  of  the 
substrate . 

The  scope  of  the  project  was  later  expanded  so  as  to  include  a 
new  method  of  deposition,  in  addition  to  electrophoresis  - 
electroreduction.  By  this  method  ceramic  oxides  are 
synthesized  from  an  ionic  aqueous  solution  following  an 
electrochemical  reaction. 

In  the  present  stage  most  experiments  were  performed  on  a  model 
material  for  C-C  —  porous  graphite.  The  main  reasons  for  the 
use  of  this  model  material  are  its  more  accurate 
characterization  and  hence  better  reproducibility,  in  addition 
to  more  ready  avaiability. 

As  part  of  the  general  scope  described  above  the  following 
objectives  were  put  forward  for  this  stage: 
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To  investigate  the  possibility  to  charge,  and  hence  deposit 
under  the  influence  of  the  electric  field,  a  number  of 
ceramic  materials  which  can  potentially  protect  C-C  in 
high-temperature  oxidizing  environments  (colloidal  and 
fused  SiOa,  SiN  and  SiC). 

To  investigate  the  possibility  to  deposit  ceramic  coatings 
on  graphite  and  C-C  from  aqueous  ionic  solutions  by 
electroreduction  (the  coatings  studied  were  Ce02 ,  Zr02  and 
A1 3O3 )  • 


To  prove  the  concept  that  ceramic  particles  can  be  induced 
into  a  porous  substrate  due  to  the  effect  of  the  electric 
field. 

To  verify  the  possibility  to  obtain  ceramic  deposits  in  the 
pores  of  a  porous  substrate  by  electroreduction  of  a 
suitable  ionic  solution. 
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CHAPTER  2  -  LITERATORE  SURVEY 

2.1  ELECTROPHORETIC  DEPOSITION  OP  CERAMIC  PARTICLES 

Electrophoretic  deposition  of  ceramic  coatings  has  two  main 

advantages  when  compared  to  other  coating  methods: 
more  rigid  control  of  coating  thickness; 

better  "throwing  power"  which  enables  efficient  coating  of 
complex  shapes. 

As  related  to  our  specific  interest  a  third  advantage  seems 
attainable:  the  induction  of  the  ceramic  coating  into  the  pores 
of  a  porous  substrate  under  the  influence  of  the  electric 
field . 

Electrophoretic  deposition  is  obtained  by  the  movement  of 

non-conductive  but  electrically  charged  particles  in  an 
electric  field  to  one  of  the  electrodes. 

Two  different  charging  modes  are  attributed  to  ceramic 

particles  [1]: 

a)  dissociation  mode,  such  as  the  dissociation  of  silanol 

groups  present  in  silica: 

SiOH  +  0H~  — >  =SiO"  +  HaO  (negatively  charged  particles) 

b)  adsorption  mode,  such  as  the  adsorption  of  H'  from  water  or 
from  weak  acids:  n  Al(0H)3+HN03 — > [ A1 (OH ) 3 1 „ • xH" +xNO~3 
(positively  charged  particles). 

The  surface  charge  once  formed  is  then  balanced  by  ions  of  an 
opposite  charge  derived  from  the  solution  and  thus  a  double 
layer  is  formed. 

Usually  the  polarity  of  the  particles  has  to  be  determined 
experimentally  because  the  particles  acquire  the  charge 
spontaneously  when  mixed  with  the  solvent.  Further,  this 
charge  may  be  reversed  upon  addition  of  ionic  compounds. 

According  to  the  model  proposed  by  Stern  the  double  layer 
constitutes  of  a  rigid  part  with  a  linear  potential  gradient. 


and  a  diffuse  part  with  a  non-linear  potential  gradient  termed 
"Zeta  potential". 


CHARGED  PARTICLE 


+ 


DISTANCE 


The  double  layer  and  potential  gradient  surrounding 
a  charged  particle. 


The  Zeta  potential  can  be  determined  by  two  main  methods: 
microscopic  determination  of  the  velocity  of  individual 
particles  using  the  Smoluchovski  equation  or  in  the  Burton  cell 
where  a  pure  filtrate  of  solvent  is  poured  on  the  suspension,  a 
field  is  applied  and  the  movement  of  the  sharp  boundary  is 
monitored  {  2 1 . 


When  an  electric  field  is  applied  to  a  charged  particle  it  will 
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move  to  the  electrode  with  the  opposite  charge.  However,  the 
diffuse,  double  layer  around  the  particle  interferes  with  its 
movement.  The  diffuse  charge  tends  to  move  with  the  particle 
to  which  it  is  attached  but  on  the  other  hand  it  is  influenced 
by  the  electric  field  which  pulls  it  in  the  opposite  direction. 
The  particle  apparently  wins.  It  moves  through  the  liquid  with 
a  diffuse  egg-shaped  double  layer  surrounding  it  (although  it 
is  not  actually  carrying  the  oppositely  charged  ionic 
atmosphere  but  is  rather  leaving  part  of  it  behind  and 
rebuilding  it  in  front  as  it  moves  along).  The  tendency  of  the 
ions  in  the  diffuse  d.l.  to  move  in  the  direction  opposite  to 
the  movement  of  the  particle  has  an  effect  on  the  velocity.  It 
produces  a  "drag"  which  slows  down  its  movement  (see  Fig.  2) 
[3]: 


DRIVING  FORCE  RELAXATION  FORCE 


(ELECTRIC)  VISCOUS  FORCE 


Fig.  2:  Egg-shaped  ionic  cloud  and  forces  acting  on  a  moving 
particle. 
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The  mobility  of  the  particle  is  derived  by  equating  the 
electric  force  with  the  frictional  resistance  and  the 
relaxation  force.  Thus  the  mobility  w  is  given  by: 

w  -  EG  1 1+f  (kr )  1  where: 

u  -  mobility 

E  -  field  strength 

6  -  dielectric  constant  of  fluid 

r  -  zeta  potential  of  particles 

n  -  viscosity  of  fluid 

K  -  1/double  layer  thickness 

r  -  radius  of  particle 

f(kr)  varies  between  0  and  1  for  small  and  large  values  of  kr 
respectively. 

f(kr)  represents  the  relaxation  phenomenon,  if  k<<<r  then: 

The  Srooluchowski  equation  is  obtained  and: 

V  =  (E*G*  C  )/4ttn 

Values  of  y  vary  between  0-20xl0~*  cm/sec/lV/cm.  The  electro¬ 
phoretic  yield  is  given  by: 

f 

y  =  a | uECSdt  where  C  -  cone,  of  particles. 
i  S  -  area  of  electrode 

t  -  time 

In  the  above  equations  it  is  assumed  that  the  contribution  of 
the  hydrodynamic  velocity  to  deposition  can  be  neglected  and 
its  importance  lies  in  maintanence  of  the  suspension. 

What  happens  once  the  particles  have  reached  the  electrode? 
Three  theories  exist  on  this  subject: 

One  theory  assumes  that  the  particles  that  reach  the  electrode 
undergo  an  electrode  reaction  which  neutralizes  them.  This 
will  not  explain  the  fact  that  MgO  deposits  are  obtained  on  a 
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polymeric  diaphragm  located  between  two  electrodes  (4!. 

The  second  theory  states  that  the  particles  are  brought  to  the 
electrode  by  a  field  which  exerts  sufficient  force  to  overcome 
the  repulsion  between  them  allowing  them  to  come  close  enough 
for  the  London-Van  der  Waals  forces  of  attraction  to 
predominate  [ 5  ] . 

According  to  the  Varwey  &  Overbeek  theory  [51  the  minimal  field 
strength  necessary  to  overcome  the  repulsion  between  particles 
is  calculated  from  the  energy  of  interaction  between  particles. 

The  energy  of  repulsion  between  two  spherical  particles  V»  is: 

vR^£!i„Ci*e>:Ho)  x  = 


The  energy  of  attraction  -  V*.  is: 


_Aaa 


A  12H„ 


if  0.5<p<>xl  a= 


-2,45  2.17 
5p  15p“ 


V=V_-V.  if  0<p<2  a=T~Ti«- 

R  A  r  1+1, x/p 


r  A 


a  -  radius  of  particle. 

Ho  -  distance  between  surfaces  of  particles. 

X  -  1/distance  of  the  diffuse  d.l. 
n  -  No  of  ions  per  unit  volume. 

A  -  London  van  der  Waals  const, 
e  -  electronic  charge. 

o  -  finite  time  of  propagation  of  electromagnetic  waves  when 
particle  separation  is  large. 

X  -  wavelength  of  intrinsic  electronic  oscillations  of  e. 


From  these  equations  the  field  strength,  E,  necessary  to 
overcome  repulsion  between  particles  can  be  calculated  from: 


E  =  2F/36aC 
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Fig «  3:  Energy  of  interaction  between  charged  particles  as 
function  of  distance. 

A  third  theory  presumes  that  secondary  processes  which  take 
place  at  the  electrode  can  produce  ions  which  coagulate  the 
particles  by  discharging  them  or  produce  hydroxides  which 
polymerize  and  adsorb  on  particles  holding  them  together  [61. 

Parameters  which  affect  electrophoretic  deposition  are  the 
following: 

-  Particle  charge 

-  Particle  size  distribution 

-  Particle  concentration 

-  Dielectric  constant  of  solvent 

-  Deposition  voltage 

-  Time 

There  is  an  optimum  value  for  the  dielectric  constant  (6). 
Solvents  with  too  low  6  do  not  posses  the  necessary 
dissociating  power  to  obtain  a  charging  effect  on  the 
particles.  Yet  too  high  6  leads  to  high  conductivity  and  low 
deposition  efficiency  due  to  parasitic  electrochemical 
reactions.  Thus  deposition  from  an  aqueous  solution  will  result 
in  high  energy  losses  and  formation  of  voids  due  to  gas 
evolution.  In  previous  studies  it  was  found  that  optimal 
deposition  is  obtained  in  solvents  with  €=14  [7].  (See  Fig.  4 
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for  domain  of  €  where  deposition  can  be  obtained) 
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Metal  oxide  hydrates  adsorb  H*  strongly  from  solution  causing 
positive  charging  of  the  colloidal  units.  This  charge  is 
compensated  by  associated  negative  charges  derived  from  anions 
in  the  solution.  The  resultant  dipole  is  responsible  for  the 
repulsion  between  neighbouring  units  [81.  Thus  for  example: 


A1  ( N03 )  3  + 3NH*OH  — >  Al(OH>3-*-3NH*N03 


n  A1(0H)3+X  HNO»  — >  (Al<OH)3l„  XH~+XN03 

When  silica  is  placed  in  water  an  electric  charge  develops  on 
it  from  the  transfer  of  ions  between  the  surface  and  the  liquid 
phase.  The  surface  charge  layer  is  balanced  by  ions  of  an 
opposite  charge  in  a  diffuse  layer  on  the  solution  side  of  the 
interface.  The  two  layers  constitute  the  electric  double 
layer.  The  r  potential  is  a  measure  of  the  electrical 
potential  just  outside  the  layer  of  adsorbed  ions  that 
constitute  the  charge  of  the  surface;  the  sign  of  ;  is  the 
sign  of  the  surface  charge. 
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q  can  be  measured  also  by  passing  a  solution  under  pressure  P 
through  a  packed  bed  of  particles  and  measuring  E  across  the 
bed. 

e  *  4s  j)X  e/ep 

n  -  viscosity. 

X  -  specific  cond. 

6  -  dielectric  constant 

Most  silicas  have  a  certain  population  of  silanol  groups 
(=Si-OH)  which  can  dissociate: 

=SiOH+OH“  — >  =<SiO-)+HaO 

Thus  a  negative  charge  forms  on  the  surface. 

Certain  ions  such  as  Al3~  can  be  adsorbed  and  change  the  sign 
of  the  5  potential.  On  top  of  them  citrate  ions  can  be 
adsorbed  to  change  again  to—';  [91. 

Consecutive  transformation  of  charge  is  possible  such  as  in  the 
following  events  (103: 

Silica  (neg.  charged)  ♦  Al3*  — >  positive  charge  + 

citrate  ions  — >  neg.  charge 

Various  degrees  of  hydration  are  possible.  Thus  silica 
particles  prepared  by  precipitation  in  water  or  long  ageing  in 
it  have  surfaces  entirely  covered  with  ESiOH  groups.  If  heated 
at  >400*C  the  following  happens: 

=Si 

2=Si-OH  — >  ^  0+Ha0< siloxane  groups) 

=  Si  ' 

At  1200*C  only  siloxane  remains  and  hydration  is  slow. 
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on  the  solvent.  Therefore,  the  coated  electrode  must  be 
determined  experimentally  for  each  material  since  the  particles 
acquire  the  charge  spontaneously  when  mixed  with  the  solvent. 
Further  this  charge  may  be  reversed  upon  addition  of  ions. 

2.2  ELECTROPHORESIS  IN  POROOS  STROCTPRES 

In  the  previous  sections  the  assumption  was  made  that  the 
particle  is  suspended  in  an  infinite  fluid.  When 
electrophoresis  in  porous  structures  is  considered  the  presence 
of  rigid  boundaries  will  affect  both  the  electric  field  and  the 
velocity  of  the  particles. 

According  to  J.  Anderson  [11,12,131  the  pore  wall  produces 
three  effects  on  the  particle  velocity: 

-  The  applied  electric  field  exerts  a  force  on  the  d.l.  of  the 

pore  wall  if  the  wall  is  charged  (  5  •  An  electrosraotic 

flow  of  the  fluid  is  thus  prod  oed  which  either  augments  or 
opposes  the  electrophoretic  velocity  of  the  particle 

depending  on  the  polarity  of  vs. 

-  The  pore  wall  distorts  the  electric  flux  {current  lines) 
around  the  particle  thereby  intensifying  the  local  electric 
field  so  that  the  particle  velocity  is  enhanced. 

-  The  pore  wall  creates  additional  viscous  stresses  in  the 
fluid  which  retard  the  particle  velocity. 

Anderson  analyzed  the  effect  of  the  presence  of  a  pore  when  the 
particle  is  located  in  the  centerline  of  a  long  pore.  Particle 
interaction  i3  neglected.  Two  geometries  are  considered:  a 
cylindrical  one  X=a/R  a  -  particle  radius,  <R  -  pore  radius) 
and  a  slit  x=a/B  (B  -  half  width). 

The  basic  equations  which  apply  to  this  system  are: 

7*E=0  (conservation  of  charge) 

nvJv-Vp=0  (Stokes  eq. ,  velocity  dominated  by 
viscous  stresses). 

7*V=0  (conservation  of  mass) 
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Solving  these  .^uations  one  obtains: 
£,*=n.~1.2899A3+1.8963As-l,0278X®+0(A") 
for  a  cylinderical  configuration,  and: 

U„=  1 1-0 . 2677  Xa-t-0 . 3383  X»-o  .  0402 A“+0  (  A- 
for  a  slit  configuration 

It  should  be  noted  that  the  pore  si2e  effect  enters  first  at 
A3.  Therefore  X  has  a  weak  effect.  This  is  because  of  a  fast 
decay  of  electrical  and  velocity  disturbances  from  a  particle 
moving  in  an  unbounded  field. 


The  disturbance  to  the  electric  field  is  given  by: 


V 

P 


7$’ »• 


0 


t t  _E  (?n'sw)  Eeo 

uo - tm - 


Both  fall  off  with  X3. 


The  pore  wall  intensifies  the  electric  field  mjving  the 
particle  faster  but  the  effect  on  the  hydrodynamics  leads  to  a 
larger  retardation,  thus  overall  the  velocity  is  reduced  as  the 
pore  size  decreases. 


In  a  closed  system  the  average  flow  of  solution  through  the 
porous  medium  is  zero  and  a  macroscopic  pressure  gradient 
develops  to  oppose  the  electroosmotic  flow  produced  by  the 
electric  field.  The  cross-section  available  for  the  particle 
is  (1~a>2  for  a  cylinder  and  (1-X)  for  a  slit. 


cylinder: 

vf™  E“tl  +  (l^)(2X-Ix2)-(l-|^)xl289A3] 


slit: 


Un=H£  (~4  (A-X2) -  (l-~.)  •  0 . 2677A3  ] 

P  ^p 
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Here  the- electrophoretic  effect  comes  in  at  3  and  is  weak  while 
the  pressure  flow  has  a  contribution  dependent  on  and  has 
therefore  a  stronger  contribution. 

It  is  to  be  stressed  that  in  the  above  analysis  the  pore  walls 
were  considered  to  be  non-conductive . 

2.3  ELECTROCHEMICAL  DEPOSITION  OP  CERAMIC  FILMS 

It  has  recently  [14]  been  described  in  literature  that  it  is 
possible  to  synthesize  ceramic  films  from  water  soluble  ceramic 
precursors  by  an  electrochemical  method.  The  method  is  based 
on  cathodic  reduction  of  water  or  another  anion  as  N03”,  to 
generate  OH”.  A  secondary  reaction  between  the  OH”  and  an 
appropriate  metal  ion  present  in  the  solution  can  result  in 
formation  of  the  hydroxide  and  oxide  of  that  metal.  Thus, 
Switzer  (14 1  has  synthesized  CeOa  in  a  system  where  the 
catholyte  was  1.0M  cerous  ammonium  nitrate  and  the  anolyte 
contained  1.0M  NaN03.  The  cathodic  reactions  which  took  place 
on  a  platinum  cathode  at  c.d.  of  50mA/croJ  were: 

2HaO+2e  — >  H3+2OH”Eo"”0.83V 

N03-+Ha0+2e  — >  N0a”+20H“  E0  =  0.01V 

The  mechanism  of  the  secondary  reaction  is  not  clear  yet  but  it 
may  be: 

Ce*~+40H”  — >  Ce(OH) * 

Ce(OH)  ,*-2HaO  — >  CeOa 

The  powder  deposited  on  the  cathode  was  identified  by  X-ray 
diffraction  to  be  ceric  oxide  with  a  cubic  lattice  constant  of 
0.5409nra  and  a  crystallite  size  of  7.0nm.  After  ultrasonic 
dispersion  the  material  was  found  to  have  a  narrow  particle 
size  distribution  with  an  average  particle  size  of  1.8y.  The 
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morphology  of  the  ceramic  film  will  depend  mainly  on  the 
electric- conductivity  of  the  oxide  formed.  Thus  highly 
conductive  materials  can  form  thick  dense  films  or  powders. 

It  is  possible  to  synthesize  oxides  by  an  anodic  reaction. 
This  is  based  on  the  oxidation  of  a  metal  ion  to  an  oxidation 
state  at  which  it  undergoes  hydrolysis  to  an  hydroxide  or 
oxide.  Switzer  1141  has  deposited  thallic  oxide  films  from  a 
solution  of  a  O.SM  thallous  acetate  in  1 . OM  NaOH  on  silicon 
substrates.  By  similar  reactions  oxides  of  Ni,  Cu,  Co,Fe  and 
Mn  were  deposited  by  Tend  and  Warren  1151  while  Sakai  et  al. 
116]  have  deposited  a  mixed  Pb-Ti  oxide  film. 

The  methods  described  above  differ  from  the  electrophoretic 
deposition  of  colloidal  ceramic  particles.  However,  we  believe 
that  they  can  become  powerful  methods  for  coating  flat  and 
complex  shapes  as  well  as  for  impregnation  of  porous  structures 
with  ceramic  materials. 

2.4  ELECTROCHEMICAL  REACTIONS  IN  POROUS  ELECTRODES 

Electrochemical  reactions  in  porous  electrodes  have  been 
studied  in  two  systems  mainly: 

in  fuel  cell  electrodes  and  in  electrochemical  reactors  used 
for  processes  such  as  metal  ions  removal  from  waste  water . 

Two  groups  of  electrodes  exist:  forced  flow  through  and 
diffusion  porous  electrodes.  Theoretical  analysis  of  reaction 
kinetics  in  such  systems  have  been  performed  by  numerous 
researchers  [17,18,19,201. 

One  of  the  models  used  in  the  analysis  of  diffusion  electrodes 
is  the  "straight  pore"  model  (see  Fig.  5). 
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Fig.  5;  The  straight  pore  model  for  diffusion  electrodes 
and  the  current  distribution. 


This  model  assumes  that  the  electrode  consists  of  a  number  of 
identical,  straight,  nonintersecting,  cylindrical  pores  running 
through  the  entire  length  of  a  conductive  matrix. 

The  basic  assumptions  in  this  model  are  that  the  pores  are 
filled  with  electrolyte,  no  potential  drop  exists  in  the  solid 
electrode  so  that  potential  gradients  are  in  the  solution  only, 
the  concentration  of  reactants  is  high  so  that  no  mass  transfer 
limits  exist. 

The  potential  distribution  in  such  a  system  is: 


n 


z 


%  = 


4RT 

F 
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The  current,  up  to  point  Z-I«,  and  the  total  pore  current  -  lt 
is: 


i'-mr  2  Xjpa^exp  (Xa.)  tan  [  exp  (&.)  ] 


_ 1_ 

cosh  y0 

2~ 


2iDizT 
'  ^;R*Tr2 


..  nF 

2RT 


where 

io  *  exchange  current 
n  -  overpotential 


The  current  distribution  will  depend  mainly  on  ic  and  k  - 
conductivity  of  the  solution.  For  i0< lO-s,A/cmz  and 
k>10  ohm_1cm*1,  there  is  no  potential  variation  in  the  pore  and 
the  current  distribution  is  linear.  If  for  example  io=10~6A/cmJ 
k=0.1  ohra-Acrc-A  and  ra  =  5X10-,*cin,  then  10%  of  the  current  are 
generated  at  the  first  half  of  the  pore  when  n~0.3V. 

Flow-through  porous  systems  have  been  analyzed  through  several 
models.  We  shall  mention  the  macroscopic  model  [181  described 
in  Fig.  6. 
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SOLUTION  f  LOW 


Schematic  diagram  of  cell  assembly.  A,  upstream 
electrode  (SCE);  B,  counterelectrode;  C,  downstreom  reference 
trode  (SCE);  D,  platinum  contact  rod  (glass-covered);  E,  Ktl; 
body;  F,  assembly  bolt;  G,  O-ring  seal;  H,  glass  tube  with 
joint;  I,  porous  graphite  electrode  inside  heat-shrinkable 
J,  glass  frit. 

Fig.  6;  Flow-through  porous  reactor. 

In  this  model  no  detailed  description  of  pore  geometry  is 
attempted,  the  electrode  being  characterized  by  the  void 
fraction  (€)  and  the  surface  per  unit  volume  only  (a).  The 
electrode  is  considered  to  be  isotropic  with  the  matrix 
condutivity  being  higher  than  that  of  the  filled  pores  so  that 
the  potential  difference  is  due  to  the  solution  only.  The 
electrolyte  flows  through  the  electrode  aue  to  a  pressure 
gradient.  The  potential  gradient  (A*»)  and  the  collection 
efficiecy  (CE)  of  the  cathodic  reduction  of  metallic  ions  is 
given  by: 


At  high  flow  rates: 


A<J 


s  -v,  JE_ 


,2/3 


max  U 

while  at  low  flow  rates: 


A$s  ,  R  U2/3  A^ 

'X.  Rs  —  y—  =  «sl 

max  max 
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II  ri  -  ak^,AL 
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•)]  - 


-exp(  } 


18 


where: 

a  -  specific  interfacial  area 
A  -  cross-section  of  electrode 
km  -  average  mass  transfer  coeff. 

L  -  length 
0  -  volume  flow  rate 

R,  -  resistance  of  solution  filled  pores  =  L 
a  -  conductivity  of  electrolyte 
P  -  pressure  gradient 

The  process  of  sintering,  the  compatibility  of  substrate 
coating  and  the  evaluation  of  the  oxidation  resistance  will  be 
discussed  in  a  future  report. 


19 


CHAPTER  3  -  METHODS  AND  MATERIALS 

a)  Substrates 

Two  kinds  of  substrates  were  used,  a  porous  graphite  and  a 
carbon-carbon  composite: 

Porous  Graphite  DCAR  Grade  45 
Porosity  -  48% 

Average  pore  size  -  60v 

2D  Carbon-Carbon  (received  from  Edwards  Base,  no  further 
details  available). 


b)  Ceramic  Materials 

Electrophoresis 

Colloidal  SiOa  -  Pyrogenic  Aerosil 
(subraicron  460  raJ/gr) 

Fused  Si03  <l-40y) 

Glass  Ceramic  ( borosilicate  matrix  with  Si02  and  Zr02 
crystalline  phases) 

(ave.  size  5-6u). 

SiC  <600  mesh  < 40u > 

-  SiN  (0.2-1. Ov). 

Electrodeposits 

CeOa,  Zr02,  Al203  were  deposited. 

c)  Specimens 

12-25raxn  diameter,  5-7mm  thick  or  20x20x7mm. 

d)  Deposition  parameters 


Electrophoresis  was 


carried  out  from 


suspensions  of 
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respective  particles  in  non-aqueous  solvents.  Stirring  was 
applied  during  deposition.  Deposition  was  carried  out  at 
constant  voltage  with  current  varying  due  to  deposit 
formation.  Electrodeposition  was  carried  out  from  aqueous 
solutions  in  a  two-compartment  system  with  anolyte  and 
catholyte  of  different  compositions.  Figs.  7  and  8  describe 
the  experiment  set-ups. 

Electrophoresis 

Deposition  voltage  -  30-450V 

Particle  cone.  -  3-33  g/1 

Solvents  -  isopropanol,  ethanol,  hexanol 

Temp .  -  room 

Current  density  -  100-5  mA/cm2  (c.d.  fell  during  experiments 
due  to  build  up  of  deposit). 

Deposition  time  -  for  most  specimens  it  was  2  hrs  but  in 
cases  when  thick  deposits  formed  rapidly  deposition  was 
stopped  when  the  c.d.  fell  to  5  mA/cm2. 

Counter  electrodes  -  stainless  steel . 

Distance  between  electrodes  -  18mm. 

Electrodeposition 

Catholytes:  1M  Ce  (N03)4  1M  Al<N03)3,  1M  Zr0(N03)2 

Anolyte:  1M  NaN03 

Deposition  voltage:  5-40V 

Current  density  -  10-50  mA/cm2 

Temp.  -  25-55cC 

Deposition  time  -  3-120  min 

Counter  electrode  -  Pt 

Specimen  preparation 

Ultrasonic  cleaning  in  acetone  for  5  mm  prior  to  coating 
and  air  drying  for  24  hrs  after  deposition  prior  to 
examination  of  deposit.  In  case  of  quantitative 
determination  of  impregnated  Si02  the  external  deposit  was 
removed  physically. 
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e)  Testing  of  deposits 

Specimens  were  examined  in  the  SEM  for  morphology.  Mapping 
and  line  scans  were  applied  for  analysis  of  coating.  The  SEM 
used  was  Jeol  T-200. 

Examinations  were  performed  on  the  surface  and  on  cross- 
sections.  The  cross-section  was  obtained  by  breaking  the 
specimen  after  removal  of  the  external  coating  with 
compressed  air.  X-ray  diffraction  was  made  on  the  deposits 
obtained  by  electro-reduction  as  received  and  in  some  cases 
after  thermal  treatment.  Quantitative  determination  of  SiOa 
induced  into  the  porous  structure  of  graphite  at  varying 
deposition  parameters  was  made  by  analyzing  the  SiOa  residue 
after  burn-off  of  the  carbon  at  950 *C  for  20  hrs.  The  white 
residue  was  treated  with  HNO»+HF  forming  volatile  HF3Si. 
Weight  differences  were  determined  in  both  stages. 

£ )  Electroosrootic  flow 

This  effect  was  studied  on  graphite  specimens  that  were 
cleaned  and  weighed  prior  to  immersion  in  isopropanol  and 
water  for  defined  intervals  with  and  without  an  electric 
field  (50V/cm).  The  specimens  were  weighed  again  after 
immersion.  On  basis  of  weight  gain,  dimensions  and 
percentage  of  porosity,  the  percentage  of  filled  pores  was 
calculated. 


CHAPTER  -4 


RESULTS 


4.1  Electrophoretic  deposits 

4.1.1  Surface  morphology 

The  surface  morphology  of  the  "green"  deposits,  both  on 
graphite  and  C-C  specimens,  was  examined  by  optical  and 
electron  microscopy.  Figs  9-13  represent  the  macroscopic  view 
of  the  various  deposits  excluding  colloidal  SiOa  which  resulted 
in  a  transparent  coating.  The  surface  view  of  the  SiOa  deposit 
is  seen  in  SEM  micrographs  (Figs.  14,15)  including  a  x-ray 
mapping  (Fig.  16), 

4*1.2  Morphology  and  composition  of  cross-sections 
In  order  to  verify  the  possibility  of  induction  of  ceramic 
particles  into  the  porous  substrate  cross-sections  of  coated 
specimens  of  graphite  and  in  a  few  cases  of  C-C,  were  prepared 
(following  removal  of  external  coating)  and  studied  in  the  SEM. 
At  this  stage,  the  study  concentrated  on  the  colloidal  Si02 
deposit  (Figs.  24-44)  with  only  initial  examinations  of  the 
Sic,  SiN  and  fused  SiOa  (Figs.  17-23).  For  the  colloidal  Si02, 
the  cross-sections  of  specimens  obtained  under  varying 
deposition  parameters  were  examined  at  locations  differing  in 
distance  from  surface  so  as  to  study  the  "in  depth"  distribu¬ 
tion  of  SiOa*  However,  only  two  locations  are  shown  here,  one 
close  to  the  surface  (about  0.5mm  from  surface  and  termed 
"edge")  and  one  in  the  middle  of  the  cross-section  (3.5mm  from 
edge  termed  "center")  (see  Figs.  29-44).  For  specimens  8  &  9 
no  center  photo  is  shown  since  there  was  no  SiOa  found.  Prior 
to  the  systematic  study;  the  existence  of  SiOa  in  the 

cross-section  was  established  without  specific  notice  of  the 
distance  from  surface  (Figs.  24-28).  The  deposition  parameters 
for  the  colloidal  SiOa  specimen  seen  in  Figs.  29-44  are 
described  in  Table  1  .  For  reference  a  cross-section  of  an 

uncoated  graphite  specimen  was  examined  also  (Fig.  44). 


_9:  Glass  ceramic  on  graphite  (electrophoresis). 


10 :  SiC,  SiN  and  fused  SiOa  on  graphite  (electro¬ 
phoresis  > . 


:  Sic  on  C-C  composite  ( left  perpendicular  direction 
to  fiber  cloth,  right  parallel  to  cloth)  - 
electrophoresis . 


Fused  SiOa  on  C-C  composite  (left  perpendicular, 
right  parallel)  -  electrophoresis. 


13 :  SIN  on  C-C  composite  -  electrophoresis. 
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as  in  Fig.  14  but  another  specimen. 


X-ray  napping  of  Si  on  area  seen  in  Fig 


29 


Table  1:  Deposition  parameters  for  specimens  examined 

in  the  SEM  (Figs.  29-44)  (Deposition  time  -  2  hrs). 


*  Exposure  tn  solvent  for  5  min  prior  to  deposition. 


fused  SiOa.  (Morphology  +  x-ray  mapping  of  Si). 
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18:  Cross-section  of  graphite  specimen  coated 

with  SiC. 


19:  X-ray  mapping  of  Si  on  area  seen  in  Fig.  18. 


SiC  particle  in  C-C  section 
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EDS  spectrum  of  particle  seen  Fig.  20 
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particle  in  C-C  composite  section 
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Fig.  24 2 


Cross-section  of  graphite  specimen  coated  with 
colloidal  Si03. 


Fig,  25:  X-ray  mapping  for  Si  on  area  seen  in  Fig.  24. 


X-ray  mapping  for  Si  on  another  area  seen  of 
cross-section. 
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Fig.  27:  As  in  Fig.  24. 


Fia.  28:  Line  scan  for  Si  along  the  line  seen  in  Fig.  27. 
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Fig .  32 :  Cross-section  of  specimen 


Si  mapping 


F iq ♦  33 : 


Cross-sect. ion  of  specimen  No.  5 
Si  mapping. 
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F 1 g .  38 : 


Cross-section  of  specimen  No.  10  - 
Si  napping. 


l_1__39 :  cross-section  of  specimen  No.  .1 


Si  mapping 
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4.1.3  The  electroosmotic  effect 

According  to  J.  Anderson  (111  when  a  porous  medium  is  brought 
in  contact  with  a  solvent  an  applied  electric  field  will  cause 
an  electroosmotic  flow  of  the  solvent  into  the  pores  provided 
the  pore  walls  are  charged.  To  verify  the  existence  of  this 
effect  the  following  experiments  were  carried  out: 

Specimens  of  porous  graphite  (20x20x7mm)  were  immersed  m 
distilled  water  <pH=5.5)  and  in  isopropanol.  The  weight  gain 
as  function  of  immersion  time  with  and  without  the  existence  of 
an  electric  field  <5QV/cm)  was  determined.  Based  on  pore  volume 
and  solvent  density  the  percentage  of  pores  filled  was 
determined  (see  Table  2  and  Fig.  45  next  page). 

4.1.4  Electrophoretic  impregnation  of  a  porous  substrate  with 
ceramic  particles 

The  amount  of  colloidal  SiOa  induced  into  porous  graphite  at 
varying  deposition  parameters  was  determined.  The 
determination  was  performed  by  analyzing  quantitatively  the 
amount  of  Si02  in  the  specimen  after  physical  removal  of  the 
external  coating  and  graphite  layer.  The  analytical  method  is 
described  in  chapter  3.  The  amount  of  SiOa  was  expressed  in 
weight  percents  as  related  to  the  graphite  specimen.  A  blank 
specimen  (uncoated)  was  tested  too  and  a  background  value  of 
0.03%  was  found.  Table  3  describes  the  deposition  parameters 
and  results  obtained.  From  these  results  the  dependence  of 
degree  of  impregnation  on  deposition  voltage,  particle 
concentration  and  type  of  solvent  was  offered  and  presented  in 
Figs.  46-48. 


Wo  -  Original  weight 

Wt  -  Weight  at  end  of  exposure 

Results  in  %  -  %  of  pore  volume  filled 


TINE  OF  EXPOSURE  CHIN) 

5:  Percentage  pores  volume  filled  as  function 

of  exposure  time. 
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Table  3;  Weight  percentage  of  SiOa  in  graphite  specimens  as 
determined  by  chemical  analysis.  (Deposition  time  - 
2  hrs )  . 
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4.1.5  Morphology  of  ii.duced  SiOa 

A  most  interesting  phenomenon  was  observed  during  the 
quantitative  determination  of  the  Si02  induced  in  porous 
graphite.  As  mentioned  before,  the  first  stage  in  the 
determination  is  the  removal  of  the  graphite  by  its  oxidation 
at  950*C.  In  specimens  with  a  higher  content  of  SiOa  (0.68%), 
after  the  carbon  volatilizat  .on  a  skeleton  of  SiOa  in  the  exact 
form  and  volume  of  the  original  graphite  specimen  was  seen  (see 
Figs.  49,50) . 

4.1.6  Relevant  solvent  properties 

Two  solvent  properties  relavant  to  electrophoretic  deposition 
are  presented  in  Table  4  based  on  data  from  literature.  In 
addition  the  viscosity  of  two  Si02  suspensions  in  isopropanol 
and  one  in  pentanol  were  measured  using  an  Epprecht  Rheomat  15 
instrument.  Measurements  of  sheer  stress  as  dependent  on  sheer 
rate  were  performed  on  suspensions  which  have  been  stirred  for 
30  min. 

Table  4:  solvent  properties  (at  25*0 
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Cross-section  of  skeleton  seen  in  Fig.  49. 
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4.2  Electrodeposition  of  ceramic  films 

Three  types  of  oxides  (CeOa',  ZrOa  and  Al203)  were  deposited 
from  aqueous  solutions  containing  Ce( NO^)*,  Al(N03)3  and 

ZrO ( NO3  >  a  respectively  through  an  electrochemical  reaction. 
The  deposits  were  formed  both  on  graphite  and  on  C-C  specimens 
which  functioned  as  cathodes  in  an  electrochemical  cell. 

4.2.1  CeOa  deposition 

The  Ce02  was  deposited  from  a  catholyte  of  1M  Ce(N03).*  with  an 
initial  pH  of  2.2.  The  anolyte,  separated  by  a  glass  frit,  was 
1M  NaN03.  The  graphite  and  C-C  specimens  were  cleaned  with 
acetone  and  then  kept  in  the  solution  for  20  min  in  an 
ultrasonic  bath  to  facilitate  penetration  of  the  solutitn  into 
pores.  Surface  deposits  were  obtained  at  20V  (initial  c.d.  of 
3 0mA /cm3 )  at  30*C  for  10  min.  In  impregnation  experiments  the 
voltage  and  c.d.  were  lowered  (5V,  5  mA/cm1 )  and  the 
temperature  raised  to  55*C.  The  experiment  d  ration  was 
prolonged  too  to  30  min.  The  surface  deposit  was  examined  with 
the  SEM  and  also  by  X-ray  diffraction.  Fig.  51  shows  the 
deposit  on  C-C  specimen,  while  Figs.  52,  53  show  the  deposit  on 
graphite  as  seen  in  the  SEM  and  by  mapping  of  Ce.  The  results 
of  X-ray  diffraction  of  the  deposit  and  the  diffraction  of  a 
known  Ce02  powder  are  given  in  Table  5. 

The  formation  of  CeOa  deposits  inside  the  matrix  of  a  C-C 
specimen  is  shown  in  Figs.  54-56. 
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Table  5:  X-ray  diffraction  characteristic  of  Ce02 
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54:  Ce02  particles  in  C-C  composite  section. 
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Fig.  55:  Like  Fig.  54. 


Fig.  56 : 


X-ray  mapping  of  Ce  on  area  seen  in  Fig.  55. 
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4.2.2  ZrOj  deposition 

The  Zr02  deposit  was  obtained  from  a  solution  of  1M 
Zr0(N03 ) 2 *4H20  in  the  cathodic  section  and  an  anolyte  of 
1M  NaN03.  The  deposit  was  obtained  on  a  graphite  cathode  with 
a  platinum  foil  acting  as  the  anode.  The  deposition  was 
performed  at  a  constant  c.d.  of  25  mA/cmJ  (nominal)  which 
corresponded  to  a  voltage  of  5V.  The  initial  pH  of  the  solution 
was  1.1.  Deposition  time  was  60  min.  At  the  end  of  the 

experiment  a  thin  white  deposit  was  evenly  distributed  on  the 
surface  of  the  graphite.  Fig.  57  shows  the  surface  deposit, 
while  Fig.  58  shows  the  x-ray  mapping  of  Zr  on  the  same  area. 
At  a  smaller  magnification  relatively  large  crystals  are  seen 
(see  Fig.  59)  in  some  locations.  A  cross-section  through  the 
coated  specimen  was  prepared  (by  cutting  with  a  diamond  saw) 
and  is  seen  at  2  magnifications  in  Fig.  60.  Microanalysis  of 
the  deposit  was  performed  in  locations  of  smaller  and  larger 
crystal lytes  and  the  results,  corresponding  to  the  atomic  ratio 
in  Zr03  are  shown  in  Figs.  61.  X-ray  diffraction  of  the 
deposit  as  received  indicates  an  amorphic  structure.  Further 
experiments  at  higher  c.ds.  and  duration  showed  the  possibility 
to  obtain  heavy  and  thick  deposits.  Calcination  experiments 
are  underway  and  they  indicate  a  crystallization  process  of  the 
deposit  (detailed  results  will  be  reported  at  a  later  stage). 


Fig.  57:  Zr02  on  graphite  (electrodeposition). 
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Fig.  58:  X-ray  mapping  of  Zr  on  area  seen  in  Fig.  57. 

4.2.3  AI2O3  deposition 

The  possibility  to  obtain  thin  white  aluminum  oxide  deposits  on 
graphite  was  demonstrated  in  experiments  performed  with 
1MA1(N03)2  as  catholyte  and  1M  NaN03  as  anolyte  at  a  c.d.  of 
50mA/cm2  corresponding  to  30V  for  15  min.  Initial  pH=2.6. 

Fig.  62  shows  a  general  view  of  the  deposit  on  graphite 
specimen  and  Figs.  63.64  show  a  microscopic  view  and  a  x-ray 
mapping  of  Al  of  the  same  deposit. 
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Fig.  d9:  Zr02  on  graphite. 


Fig ■  60: 


Cross-section  through  Zr02  deposit. 
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Fig.  62:  Al203  on  graphite  (electrodeposition). 


72 


X-ray  mapping 


of  Al  on  area  seen  in  Fig.  63 
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CHAPTER  5  -  DISCUSSION  OF  RESDLTS 

Surface  deposits  of  all  the  ceramic  materials  studied  (colloidal 
and  fused  Si02,  SiC  and  SiN)  were  obtained  both  on  graphite  and 
C-C  substrates  by  electrophoresis.  Si02  and  SiC  deposits  formed 
on  the  anode  indicating  the  presence  of  a  negative  charge  on  the 
particles,  while  SiN  deposited  on  the  cathode.  The  charging 
mechanism  of  Si02  takes  place  as  indicated  in  literature,  by  the 
ionization  of  silanol  groups  present  on  the  surface  of  silica 
which  has  been  in  contact  with  water  for  prolonged  periods. 

=Si-OH+OH-  — >  =Si0~+H20 

The  charging  of  SiC  and  SiN  can  be  envisaged  through  an 
adsorption  mechanism  with  SiC  adsorbing  negative  ions  and  SiN 
adsorbing  positive  ones.  In  the  systems  we  studied  the 
available  ions  are  0H“  and  H"  deriving  from  small  concentrations 
of  water  present  in  the  solvent.  The  dielectric  constant  of  the 
solvent  (isopropanol)  is  at  an  appropriate  level  so  as  to  enable 
charging  of  the  particles  and  yet  to  prevent  electrochemica 1 
decomposition  of  the  fluid  and  evolution  of  gas. 

Under  the  influence  of  the  electric  field  the  particles  move  to 
the  electrode  with  the  opposite  charge  forming  a  relatively 
dense  and  adherent  "green  coating"  the  thickness  of  which 
depends  on  the  deposition  time  (Figs.  9-13). 

In  thick  coatings  cracking  is  evident  in  the  green  state.  This 
has  been  encountered  in  previous  work  and  eliminated  by  increase 
of  particle  surface  energy.  In  the  coatings  on  the  C-C 
composite,  a  non-uniformity  in  coverage  is  observed  due  to  the 
texture  of  the  carbon  fiber  cloth  and  local  variations  in  con¬ 
ductivity  (Figs.  11,12).  All  together  the  composite  is,  as 
expected,  sufficiently  conductive  electronically  so  as  to  enable 
its  functioning  as  an  electrode  in  the  e 1 ectrochemica 1  system. 

In  addition  to  the  formation  of  surface  deposits,  the  induction 
of  the  particles  into  the  pores  of  a  porous  substrate  was 
demonstrated  both  qualitatively  and  quantitatively.  The 
qualitative  studies  were  performed  on  cross-sections  of  coated 
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porous  graphite  in  the  SEM.  Clusters  of  colloidal  Sx03  are  seen 
inside  the  cross-sectional  (Fig.  24)  while  in  the  case  of  larger 
particles  and  as  in  the  case  of  SiC  and  fused  Si03  single 
discrete  particles  are  seen  in  graphite  (Figs.  17,18)  and  in  C-C 
(Fig.  20).  X-ray  mappings  of  the  exposed  cross-sections  for  the 
Si  showed  the  presence  of  this  element  in  the  clusters  and 
particles.  A  line  scan  for  Si  (Fig.  28)  showed  variations  in 
its  concentration  indicating  its  localization  in  the  induced 
particles.  In  some  cases  the  presence  of  Si  in  the  particle  was 
shown  by  obtaining  its  spectrum  with  peaks  characteristic  of  Si 
(Fig.  21). 

In  order  to  evaluate  the  degree  of  penetration  of  the  ceramic 
particles  as  function  of  depth,  locations  at  varying  distance 
from  the  surface  were  mapped  for  Si.  This  was  done  for 
colloidal  SiOa  deposits.  Only  two  locations  are  shown  in  this 
report,  one  close  to  the  surface  and  one  in  the  center  of  the 
cross-section  (Figs.  29-44). 

It  is  very  difficult  to  deduce  comparative  evaluations  from 
these  experiments.  Those  are  much  more  rigorously  obtained  from 
following  quantitative  determinations  of  SiOa.  However,  one 
trend  is  quite  clear:  the  decrease  in  Si03  concentration  with 
depth  of  specimens. 

Quantitative  evaluation  of  the  amount  of  Si02  induced  into  the 
pores  was  made  by  determining  the  amount  of  SiOa  m  the  porous 
specimen  after  removal  of  the  external  deposit.  Since  no 
sintering  of  the  Si03  was  performed,  it  was  possible  to  remove 
the  graphite  completely  by  its  gasification  at  950*C.  The  value 
obtained  for  Si03  in  a  blank  graphite  specimen  was  only  0.03%. 
The  tests  were  performed  for  deposits  obtained  in  three  solvents 
at  varying  deposition  voltages  and  particle  concentrations.  The 
choice  of  solvents  was  based  on  their  dielectric  constant  and 
viscosity.  We  decided  to  test  in  addition  to  isoproponol  a 
solvent  with  higher  dielectric  constant  and  lower  viscosity  - 
ethanol,  and  two  with  lower  6  but  higher  viscosity  -  pentanol 
and  hexanol  < see  table  4).  A  lower  viscosity  is  expected  to 
facilitate  particle  penetration  due  to  reduction 


_n  viscous 
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stresses.  Powers  (7]  claims  that  electrophoretic  deposition  is 
obtainable  only  in  a  definite  range  of  dielectric  constants 
(d.c.)  ( 6=12-25 >.  It  was  of  interest  to  experiment  with 
solvents  with  lower  (pentanol,  hexanol)  and  higher  d.c. 
(ethanol).  However,  it  was  impossible  to  differentiate  between 
the  effects  of  the  d.c.  and  that  of  the  viscosity  since  both 
varied  independently  in  the  various  solvents.  Fig.  48  shows 
that  at  indentical  voltage  and  particle  concentration  the  order 
of  impregnation  efficiency  is: 

isopropanol  >  pentanol  >  hexanol 

(negligible  impregnation  was  found  in  the  SEM  for  ethanol  and 
therefore  no  quantitative  tests  were  performed). 

It  can  be  deduced  therefore  that  lowering  of  d.c.  and  increase 
in  viscosity  retards  particle  impregnation.  It  should  also  be 
pointed  out  that  the  presence  of  ceramic  particles  raises  the 
viscosity  appreciably,  the  value  increases  with  increase  in 
particle  concentration  (see  Table  4)’.  The  effect  of  deposition 
voltage  on  impregnation  is  seen  in  Fig.  46.  A  maximum  at  around 
300V  is  seen  for  propanol  at  two  concentrations.  This  can  be 
explained  by  the  ambivalent  effect  of  the  voltage.  On  one  hand 
its  increase  will  enhance  penetration  due  to  increase  of  the 
electric  field  but  at  the  same  time  the  build-up  of  the  external 
coating  which  will  be  enhanced  too  will  block  further  impregna¬ 
tion.  Indeed  at  450V  a  very  fast  build-up  of  external  coating 
was  observed. 

The  effect  of  concentration  is  seen  in  Fig.  47  for  isopropanol 
at  30V.  The  impregnation  increases  with  concentration  with  a 
diminishing  rate. 

A  roost  interesting  result  was  obtained  during  the  quantitative 
Si03  determination.  It  was  found  that  in  those  specimens  where 
the  Si02  concentration  was  at  higher  levels  (such  as  0.6%),  a 
Si02  skeleton  of  the  same  shape  and  dimensions  as  the  original 
specimen  remained  after  the  gasification  of  the  graphite  (Fig. 
49).  Moreover,  the  cross-section  of  the  skeleton  contained  Si02 
(Fig.  50)  indicating  impregnation  of  the  whole  cross-section  of 
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the  graphite  specimen.  Thus  the  induction  of  the  colloidal  SiOa 
into  the  -porous  matrix  under  the  influence  of  the  electric  field 
was  proven. 

The  electroosmotic  effect  which  enhances  the  filling  of  pores  as 
a  result  of  the  presence  of  an  electric  field  was  shown  in  the 
experiments  described  in  4.1.3,  Table  2  and  Fig.  45. 

The  presence  of  an  electric  field  has  a  strong  influence  on  the 
penetration  of  water  into  the  pores  of  graphite.  Only  12%  of 
the  pores  were  filled  in  absence  of  a  field,  while  about  80% 
were  filled  after  over  5  min.  but  less  than  15  min.  of  exposure, 
when  a  field  of  30V/ora  was  applied.  In  the  case  of  isopropanol 
80%  of  filling  was  attained  both  with  and  without  the  electric 
field.  However,  the  rate  of  filling  was  higher  with  the  electric 
field. 

Deposits  of  CeOa,  ZrOa  and  Al203  were  obtained  by  cathodic 
reduction  reactions  that  form  OH“  followed  by  the  interaction  of 
the  OH~  with  the  appropriate  cation: 


electroreduction  of  H30  and  N03  : 
2HaO  +  2e  — >  Ha  +  20H- 
NO3“+Ha0+2e  — >  N0a-+20H~ 


interaction  between  the  OH-  and  the  cation: 
40H-+Ce*'  — >  Ce(OH) « 

30H-+A13*  — /  Al<OH)3 
40H-+Zr*  — >  Zr (OH) 4 


Dehydration  of  the  hydroxide  to  form  Ce03,  Al303  and  ZrOa. 


\  crystallographic  analysis  was  made  for  the  cerium  containing 
deposit  only  so  far  confirming  the  Ce03  composition. 

\  similar  preliminary  analysis  of  the  Zr  containing  deposit 
indicates  the  as-deposited  material  to  be  amorphous  and  to 
transform  into  the  crystalline  form  by  calcination.  Thick 
deposits  of  Ce03  and  Zr03  could  be  formed  by  increasing  c.ds. 
and  deposition  time.  However,  m  the  case  of  Al303  onl1;  very 
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thin  films  were  obtained.  This  might  be  due  to  differences  in 
the  electric  conductivity  of  the  three  compounds. 


CHAPTER  6  -  CONCLUDING  REMARKS 


The  final  objective  of  this  research  project  is  the  development 
of  a  method  for  coating  and  impregnation  of  carbon-carbon 
composites  with  ceramic  materials. 

During  this  stage  of  the  project  the  fundamental  concepts 
underlying  the  approach,  based  on  the  phenomena  of 
electrophoresis  and  electrodeposition,  were  tested. 

Most  experiments  were  performed,  at  this  stage,  on  a  model 
material  for  C-C:  porous  graphite. 

The  results  obtained  can  be  summarized  as  follows: 

Electrophoretic  deposition  of  the  ceramic  materials,  studied 
so  far  (colloidal  and  fused  SiOa,  SiC  and  SiN),  on  graphite 
and  C-C  takes  place  following  charging  of  the  particles  and 
their  displacement  under  the  influence  of  the  electric  field. 
The  Si03  and  SiC  particles  acquire  a  negative  charge 
therefore  are  deposited  on  the  anode,  while  the  SiN  is 
deposited  on  the  cathode. 

In  addition  to  the  formation  of  surface  deposits  the 
induction  of  the  ceramic  particles  into  a  porous  substrate 
was  demonstrated  qualitatively  for  all  ceramics  and  w.  s 
studied  quantitatively  for  colloidal  Si02.  The  extent  of 
penetration  was  studied  on  cross-sections  of  coated  porous 
graphite  in  the  SEM  and  by  quantitative  determination  of  the 
Si02  content  in  specimens  obtained  at  various  deposition 
conditions . 
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It  is  shown  that  an  optimal  value  exists  for  the  deposition 
voltage  resulting  from  its  ambivalent  effect  on  particle 
penetration.  This  value  was  found  to  be  around  300V 
(180  V/cm) . 

The  effect  of  the  solvents'  studied  on  impregnation  efficiency 
in  decreasing  order  is: 

propanol  >  pentanol  >  hexanol  >  ethanol 

Increase  of  particle  concentration  enhances  impregnation  up 
to  about  30  g/1  for  colloidal  Si02. 

Although  the  weight  percentages  of  impregnated  Si02  are  low, 
it  is  shown  that  the  whole  cross-section  of  the  porous 
graphite  was  impregnated.  This  is  demonstrated  by  the  SiOa 
skeleton  left  behind  after  gasification  of  the  graphite. 

Further  optimization  of  deposition  parameters  will  lead  to 
increase  of  extent  of  impregnation. 

The  electroosmotic  flow  of  isopropanol  and  of  water  into  the 
pores  was  demonstrated. 

Ceramic  coatings  of  CeOa,  Zr02  and  Al203  were  deposited  on 
graphite  and  C-C  by  electroreduction  of  aqueous  solutions 
containing  inorganic  salts  of  the  appropriate  metals. 
Clusters  of  Ce02  were  obtained  in  the  skeleton  of  C-C  by  this 
method . 
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